
Cassini  star tracking and idcni,ification  algoril,hrns,  sccnc
simulaljion, and fxxiling

,Jzrmcs W, AlcxaIIdcr a n d  l)a])id 11 .  (;l IaIIg;

Jet l’ro])ulsioII  ],ahoratory,  (;a]ifor]lia lnstitutc  of ‘1’ccIIIIolog;jT

4800 oak(;mvc l)rivc, l’asadc]ia,  California 91109

7’1[ r L’assini syacccrofl uscs a ~ : ~ 1 1 - b a s e d  siar irackrl, the ,$’tcllaI  llefercncc [Jnit  (Sli (J), joI at[iiudc

idcntijicatiou iIL tllc Ailitudc and Arliculaiion CoILt  Iol ,$ubsrJslrIII  (A AL’,T). ,$of/ wan to process ,5’RU d a t a  r e s i d e s

in the h’light (loluputer (A II’(1) and  is ill tcgratcd wiill all otll CT A A [l,T junctions. ~~le (~aSS2712  ?l12SS~Oll W2//  U.$f

autonolllous star idcntijlcatio?i jor initial attitude dcicmlznalzon, and a star trackiug ji(nction jor nlaintazning

alti{ucirj IIoth pc7jonllcd tIy processing piyel d a t a  produced by  thr ,91(1J and  scr)t to LILC AII’{Y via a dma  illtcrjaw.

]{ CCaUSC Oj t/l C CO?ll]l/Cl’l[y Oj thC ,~{aT]]) SOj[Ulal’C, special sfIjlvlrz  Ic szr)Lvlatzo~t t o o l s  V1C7C cmcricd  t o  .si7nvlate tlLC

,91[ [J oulprct as a junctiol) oj conllflands, slja Ccc7afl atlitudcj a?ld sta7 SCCILC, a?{d allovl  the iutroducliou ojjault

C071 ditiolls.

Y’lIi.s paper gives the overuicvl oj the algorithtn dt-siqn, ,~1( [J silltulalionj and a dr’sc Ttptzon oj the sinl?[/ation  icst

msvlis and  co?llpariso?~ 701[}1  the field icst 7CSU11S obtaiucd using  the C71g271CC1’llliJ  I! Lodc[ ,9]( [J.

2  lN~’l{OI)  lJ(:’J’l[)N

An overview 011 the Cassini  ]Ilissio]l,  dcsigrl  considcratio]ls for tllc SltlJ llarclwarr aIId algoritll]lls arc givcrl ill

rcfcitec.assi lliarcl). Adc]itio]]al  clctails 0 1 1  tlic SILLJ  hardware  are givcnl iIl rcfcitcmssillisru, l~clr c.ollverlier[cc,  t h e

basic. SltU characteristics arc sutrlIIlarizcd itl ‘Ihl)lc  1.

‘1’IIc illl])lc]llcllt,atic)l)  c)f Cassitli  sl,ar  tracking al]d  idc]ltific.atio]l  fu]lctiol!s (c.o]lcctively  r e f e r r e d  to as Starll)) wl?re

l~ascd o] I tile IICCCI to sll])l)or~  a ]otlg  (12 year) ]Ilissioli, ]lar(\WZLrC  resources, ]Ilissioll  rcquire][lellts, aIlcl l)revious

J 1’1, cxl)crimlce. ‘lo  a large cxteilt, the star idcrltificat,ioIl  algc)rith]lls were  I)ascd  011 groul)d software gc~lcrated

tc) sul)])c)rt  tlIc Astro 1  s} Iuttlc I)ascd r[lissioIl ( I)cccllll]er 2-11,  1990).  hlost c,f t i l e  i]iitial algoritlilrl  dcvclc~])~l]c]lt

w a s  irl (.:, aIId tcskd in Iicld  ksts usirlg  a  J]’] ,  breadl)c)ard caIIIcra rrlodificcl  tc, fullctiorlally rcxIrllJlc tllc SRU,

alId  fIIIally  ttlc l’; n.gillccring  II IcIclel ,NLU, wllic.1] fc]r ttlcsc []url~oscs  is cssc]iti ally iclcll tical tc) tile fli?,ll~ urlits, ‘J’llc

fi!lal  StiLI’] 1) fullctic)lls  are iIIl])]clncllted usi]lg  tlIc  Ada ]allguage wit]li[l a  cc!ltra]izd 1T50 ]6 \)it  Coll]l)utc’r. ‘1’0

su])l)ort all AACS fu]lctioIls, the AII’C has  OIIC II)eg,a])yk  of ]Ilcrllory  aIId ruIls  at al)out ].1 [Ilil)s,  c)f wl]ic.11 t h e

Starll) fu]lctic)Il  was allc)c.atcxl 128 kilobytes for l,ixcl  bufkr stc)rag,c, 50 liilc~l~ytcs for star catalog storage, and

uscs about 3000” li]lcs  of code, A dcsc.ri~)tion  of key ele]llc~]t,s of tllc alg;c)ritlltlls, a]ld  soIIIe of the algc)rit}]]ll  tests

are :;ivcll.
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IIccausc of tllc difficulty ill scllcdulillg  fic]{l tests, ar]d tl)c  rt:sllltillg Iilllitaiic]lls c,f “real -sky” tt’still~, a S1{[J<
sillllllat,ioll of SOIIIC ki]l(l  was clcar]y  II CC(]r X1. ,Sillcc  a full o})t ical  calil~ratioll arid  c)l~tical lesti~lg  w a s  I]crforll]d I)y

tllc su])[)licr,  oflicine (;alilm of l~lorr]lcel  ]t,aly, i t ,  Lvas decidd t]lat a (Iip;ital sirlllllat,ioli  rat,llcr (liar I arI o])(ical

silllulat,ic)ll wou]d I)e ~]]c L)ct,ter a])l)ro:~~]l, I)ot, ]) iIl tcrl[ls of fa(llt,  alId f(l]lc(,joll;ll  t,est,  jllg, :11](I 1)(.irlg ;Ll)]c to

du])licatc (lIf7 silliulat,ion i]] I]llllt,i])le  test beds wllcrc t]igll f i d e l i t y  tirl]i]]g w a s  IIot IIec(le(l. ‘I’l I f ’  d i g i t a l  Only

al)]~roacll  p o d  s e p a r a t e  ])rol)]crrls,  nalr]cly  h o w  k) test tllc fl]Ial flip,llt  sys[, clrl w i t h o u t  sl~cc ia] test 1]00!+, arid

l]ow to verify  that tllc silllulatioli was L-eascrllal)ly close what would  I,c oljtaitlcd with reel llarclwam, illcludi[lg,

sccnc a)ld  t,illlirlg  cffcct,s. ‘1’hus r e s u l t e d  tllc Il[lage I;ln{llation Unit (II;(J) arid  tile co]llpanioll  sceIIe sil[lulatioIl

s o f t w a r e  (]]{; [1 so f[, ware); t,]lis collll)illatioll  would allow t]lc rcl)]accl]lc]lt,  of real (;[:1) gerlcrated ])ixcl  dat, fl wi th

])ixc] data  frolll a SCCIIC  sirllll]~tc~l ill rca]-t,i]llc.  A s], ccia] test l)ort ill t]lc SILL]  (IljU l~ort)  a l l o w s  t,]lc sc.eIIe d a t a

to ])c ]I]acd itltm the SILU pixc]  data strcar]l wit,hollt  t e s t  c o d e  irl the flig]lt  a]goritli]ns, arid  c/ockrd  intc, the

All; exactly tllc sa~[le as if ol~taillcd  fro]rl  the CC]). Si]lcc  ttlc SCCIIC  is syl,tllctic tllc ~Jara~nctms  c.aI, l)c varied to

~llatcll  tllc Cxl]cctcd  fliglltl paralnctcrs, or to cl Ial Igc ])arall]ctcrs e .g . ,  dark  current ,  (:’1’1’;, o])tics, or fc~cal lellgLh,

for fault tcstillg. ‘J’llis a])proac]l alsc) will allow l)ost lau IIclI tcstit]g alI(l ltlodelinp;  of aging; cflccts lIot avai lable

wit]l  s t r i c t l y  har(lwarc  II Iodcls.

Vcrificatiotl of tllc .ge[leratcd  sccnc was doIIc by a collll)illatioll  of tllrmrcticzd  co]lsidcratiolls and coll)])arison t o

f i e l d  test data. A dcscri]~tio~l  c,f tllc llI;[J s o f t w a r e  aII(l c.otll])ariso’~l tlIc SILLJ  h a r d w a r e  i s  given  i~l tile scco]ld  j~art

d this ])a])cr.

2.1 IIasic SIt,lJ C;ll:il.iictc,l. istics’Ji}le Cassilli S}L1.J has ]Io s}lut,tcr  or s}licldcd  fralllc tra~lsfcr  a r e a ,  l)ut, ~nakcx+

use  of tllc CC]) analog o n - c h i p  surnr[lation rnodcs to rducc the llurlll~cr  of data l)ixels  prc)cessecl and to sl)mcl

uj) tl}c acquisitio~l  }Jroccss. ‘] ’liis a lso  a l low llicrarcllical ac.quisitio~)  of tile sc.eIlc witl)irl  LIIe SILIJ  11’OV.  ‘1’IIc SRLJ

lIas  a rdativcly wide  l’OV, tllc effective focal lcmgth varies with field  l~ositio]l  frc~lll 45.7111111 to 43.6111111  at tile

edge of tile I“OV, as sllc)wrl; rlotc that tllc focal lctlgtll rllodcl  for each  axis varies sc})arately.

‘Ihl)l(:  1 .  A sulnrnary  of t,l Ic kcy S1{,11  dlaract[ristics.
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‘1’l)c Slal-]l) fll]lctiol] lIas scvcr<i I  lIlo(lcs. ‘1’IICSC  a r c  suIl]111ari7,e(l ill ‘1’al~lc j.

‘I’: II)l(! 2 .  star]]) N4C)(1C!  Sulllmal’y

‘1’racli ‘I’r:i(litio]lz~  lstzirtr:ickillg II]c,  clc; usc~ track }f’itl(lofvstc)trzlck  %t,ofi  stars
(attcIII})ts 5 stzirs l,cr fralr}c), track wil,(lows tyl,ically h]oraclxbI,iracl  at

l o w S / C r a t e s .  Malcesrcl)catcd tllcas~lrclllctltsc) ftlles: tt[lest:irs, and
uses  A’1’I; attitude and rate illfor]llatioll  for windc)w ]~lacc][lcnt  and star
verification

Mil!i-]~cac(]~lisitioll IIltcr[licdiate stage; IIlatcllcs stars found ill clllargcd track wi]ldows  (2 X2
dcgrcm) against s[:irs cx])cctcxl  to bc ill l~OV.  Allows rcc.every frolll u]]
toollecicgrec attit(lc]ccrrc,rs. h~zitc]liT)p,] ~asc[]o llstar: illg]cs,  rl"laF;1litll(]c`

Atti(udc lkrcquisitio~l Collmts  star SI)OL  illforillatic)]l  usitl?; lrrrgc r e a d o u t  a r e a s ,  and rnatcllcs
to tile star cat:ilog.  Assulnes  attitude error is ICSS tllall 5 to 10 dcgrccs
oflsct fro~l)]jrcdic.tcd  I)orcsigl]t  attitude, less t}larl 90dcgrccs twist aljout
boresigl]t  error

Attitu(jc  IIlitializatio]l ‘1’llis i s  tllc full “star i(lcntificatioll”  fu]ic.tic)~l. Col lects  s])ot lllcasllrc-
rncnts and Ioatc.hcs  ag, aillst otl-board star c a t a l o g .  U s e s  both tllc lJc)si-
tioll of tllc sun relative to tllc S/C to restrict tllc catalog search sl)ac.e,
al]d  p r o v i d e  ccmrsc c~riclltatioll  ilifor~llatiorl. C;] ’(J speed a]lcl rrlclrlory
lirrlitatiollsar  covcrco!i)cl)y oscofsull  cc)rlstrail]t.

‘1’clc]l]ctry C o l l e c t s  s],ot illfc,:illatic)rl aIIcl c.c)]Il]Jutcs ce]]troic]s a s  iIl t}lc attituclc

iI]itiali7,:itic)ll~ (]]lctioIl, l)ut (Ioes Ilot cc)r[lputc all attitu(lc

4 S’J’AIL ACQIIISI’J’ION  ANI) II)FIN’I’11’’ICATION

‘I’llc star iclclltificatioll ~)roccx+s illc]udcs ,$’pot  Acquisition, (s]jc,ts  arc SltU ~llcas(lrerllcrlts,~lc)t  Ileccssarily

idc)ltiflcd, or Cvc]l stars ), s~t~l]) of tllc catalog al,d II,casurc,,,cr,t tal,lcs, IJ,atcl,i,,g a subset of t],c sl,ots to stars
witllill the  ca ta log,  and c.omlJutillgall a t t i tude  quatcrnioll, hfuc]l  of tile irll]~lclllclltatic]ll  is dcsigtlcd sl)cc.ifical]y

t o  IIICCL  Cassi~li  lllissioll s c e n a r i o s  and c.orlstrai]lts, irlclucli~lg tliosc ir[i])oscd  I)y the AI(IC c.olll~)utcr  arc.llitcctu]e.

Sitlcc  attitude call bc ]i]:ti]lt:ii]kccl~lsilig  a ])ricjri att,it, udc  krlowldgc, tllc driving factors a r c  Ilc)t cxtrm[lcly  quick

idclltificatioll since tliis is rarely IIecclccl (~oillutes are a]lowcd  fc)r Al, ratllcr than  secol)ds), but the ncccssity  t o

avc]id a f:ilsc  a t t i tude  idclltificatiorll atld the rcquirc[llcllt to fit, witlli[l tllc avail al)lc AIIC  rllc][lc)ry  rmourccs (c. g.,

AIX~ l[]rltlc,ry  li[rlitatiolls l~revc~ltecl stori]l~st,ar- distallcc ])airs  or triallglcs, so rcslrictitlg t}}c set of stars to l,c

])roccssd ill tllc IIlatc}lillgis o f  g r e a t  il[ll]c,rtallcc).  ()]1 Cassirli, tllcrc a r c  twc] forrosof  s t a r  idmltificatioli.

A t t i t u d e  ]rlitializatior). ‘J’hcsull vcctc)r  , .SAA”A,  is ~llo~i’ll jr} sl)acc craft coor(lirlatcs frc)rrl s~Ilsc)r

Iflcasurelllcnts tc) al)out tllrcc dcgrccs, arid  S~2000)  ill J2000 cc)c]rdillatcs. I’rolll  this, tllc cosirlc  be tween the

SILIJ  l~orcsigllt  ( +X) axis  and SAJ{A  is k]lowll,  .so tllc s t a r  c a t a l o g  searcl] c.a Il l)C lil Ilitc(l tc] a l)af)(l c)f

s t a r s  c)f Jvi(ltll (~cjv s i z e  ~ ~) clcgrccs wi(lt,]l (LI clcgrccs), wit]] t]lc ]Iliclcirc]c  o f  t}jc lla II[l fc)r[fli~)?; tllc sallle

cositlc  with S~ZoCIo.

ILcacquisition. ‘1’heattit,udcof tl,es]~acecraft  islitl!ited tordativdys [oallerrors- llolnoretJlall 1 0

dcgrccs error ill tllc SILIJ borcsigllt vcc.tor  (30 dcgrccs will be a l lowed i~l the fl~lal vcrsioll tc) soj)j)ort a

s])ccific  Pault, j~rotcc.tion  sccllaric]), and 110 ]I]orc t,]Ia II 9(I clcgrccs error irl t w i s t  a b o u t  t}ic borcsig}lt, ‘1’lIc

s t a r s  f o r  IIiatc]lil)g arc c,cl]ltai  Ilcc] ill a  (Iis!i ccIltcrc(] al)out t}lc best gocss (but. wrolig;) at, titu(lc. ‘1’lIc tyl:ical
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< cmc Will require 50 k) 10[) catalog st, ars jI) tllc star II I:itcl I set.

I;itllcr of tilesc collstraiutls  lilllits tl)c  llllrlll)cr of stars ttlat arc sill)(llt:itlt>(,~ls fvitllirl  the otl-l,oar-d  c a t a l o g  afJd

}~olelltially  lying iI) a fcasihle 1+’OV  to I>c IIo ll)crrc tflan zil)c, ut 650,  ra(llcr t,llarl  3 5 0 0  t o  4 0 0 0 .  “1’lic twist,

collstrail)t,, wliile Ilot fu]]dalllerltal to tllc gc]lcral re]ial)ility o f  t,l Ic algoritlltil, is alw;iys avail al)]c and a l l o w s  so]IIc

])otclltial })airs t o  I)c t,llrowll o[lt early  ( , o  s])ccII [)]) (,lic  I)rocess, al](l  ]Jrt.vc)lts  “lli])])e(l “  idelltiflcatiorl cases w}lcre

tile tllcasurcll]el](  accuracy ]t]ay  hc poor.

‘1’)1(?  key ste])s follow.

4.1 Sl)ot A c q u i s i t i o n .  ‘1’IIc first stc]) is to gat,ller  a set of s])c~ts.  ‘1’llcrc are scvcra] variarlts, but, each  includes

taliirlg a II UIIIIICr  o f  SltLJ fral[les wllerc t,l]c i)lla~;cs arc C.ollcctecl IlsillF;  c,c,IllIrlaIldcd  sur[llllatiorl  Illodesl all[l t]lell

sc:~])liil~g tllrollgll  t,hc ljixc]  data to crcat,c  a list o f  sl)ots, ‘1’}lc final  l[lcasorc~llc]lt  accoracy is c.lcmn t o  a i d  irl tlie

]Ilatcllillg  ])rocess.  III AI ,  which  occurs just after laurlcll, or ullclcr  C.crtaill fault corlditic)r]s,  ttlc a t t i t u d e

ullccrtaintly  is large, and likewise the nulnhcr c)f stars t,llat  arc included ill the star ~rjatch  set, l~ut t,llc relat,  ivc

attitude of the s],acccraf~ can  hc well controlled. IIcc,ausc  ttlc attitude is very stal]le, the accuracy c,f the sl~ot

ll-lc:isllrclllc:l)ts  is IIiade tile high, wllicll  ill t,ur~) is used to keel) tllc l~roccssi~lg tirrle ac.ce]~tal)]c  by l)lacillg t i g h t e r

const ra in ts  o]i sc})aratiou rl)atcllcs. in lteacquisitic)lll where kllowled~)c  c]f tile attitude is IJcf, tier, coarser

~[lc:isurclllcllts give enough accuracy without requirit]g attitude tc) I)e C.ol]trolled.

‘1’IIc I“OV is ])artitio~ld
SI{l J ])arametcrs as u s e d  f o r  S])OL  acquisition

Stri[,  SulIl  lI]o(le
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Windows”
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Star -s-carcll set

2/1 X 4 V

ty[]ically 3  to9  used  to c o v e r  l[)V
[Jr,c willdow/sl,ot  foulId il, stri},s. SLIIII

IIIcrdm  IL X 2v and lIL X  IV

I’ixed 1  SCC. exl, osure  ud o]t  stri])s.

Wiridows 50111s t o  1500111s, collll)uted

I)ased Oli sr,ots  foulld ill stri],

Aprox 2] o X 3G0  o-baud, 7500 sq. clef;.,-
‘1’yl,ical  l,aralllctcrs for  }kacquisitiou

il}to ]Ijulti])le larg,e,  ovcrla])]>il~g sul)rcg ions ‘J’y~~ical  paramctersfor Attitude luitializatiou

(ty])ically  3t09strilm).  l’;acll stri],i scc,r~)]rlallclccl

wit]l  a fixed cx]~osure  tilne, (1 seco]ld  for Al), using

a sillp;]c~ sulnrrl:it,iclrl  roc~de. I)crul)lc  lJufTering is used

bsllortel~ ttlc ac.quisitiorl  cycle  hy prc)ccssilig  Lllc

])ixcls ill OIIC  fral])e wl)ilc tile ]Icxt fralric is  takcll.

l’;acll of tlhc illlagcsis scallllcd for bright clust,crs

to crcat,e  a lllagrlitllc]c/l>ositioll  list. (~orlstrairlts

OIL tl)c  rllillirllurll  se]]aratliorl  l~ctwcml ~llrasurcd

])osit,iolls  C]irllillates  l)rol)]e~lls  with cxterlclccl  sources,

duplicatd Illmsurcllirx]ts,  or possibly }Iot pixd

areas. I’or Al  (which  guaralltccs  the s]jacmratl to ljr

]Ilorestal)le a]ld  lIave  tllrcc dcgrcc SUII kIIcIw]cdgc),

tfle  ]~ositio]ls  of the ]I]casurd s}~ots are used  tc,

dckrrilitlc the placc~llel)t  of IIigll resolutic)~l, s]nal]cr

‘l\{ick W2ndo7m. ‘1’l]etllcsl)ot,  {Iatallicasllrcl[lcllts are Inucll  I)ctter t,llan Ilcdd fc)r thcfiIlal idmltified

cc~]ll]~lltf:ltic)tl,  wllicll  is c)lIly used  to start the track ii]!; p r o c e s s , I)ut  a ltjOt,0200Jlrad/s(ar peraxistotalcrr-or ( . 4

t[) .S ])iXC]s) rClativC to thC CI)SCIIII)]C!  aS  aw]lo]~ allOWS ti!,]lkr ~O]C’raIICCS  tO ])C US~(l ill thd S~lOt  tOSt?M I[)~LtC~li]l~

wllicll ill tur]i slIccds u]) the ]Jrc)cessing  cvIc)ug;lI to ]llect rcquircIlleIlt,s. ‘I’l Ie sl)acecraft, a t t i t u d e  cstiroate, b a s e d

o] I ~;yro, SUII sensor, dy]laTrlics  II IOCICI) etc., is avail alllearld is o])tiollally  (cor]trollcd by a ~)ararl]etcr) used to

col[l])cnsatc for i]rlage  to ir[lagc  attitude drift, ‘1’llcfi]lal  s})c,ts call  hc collected using zl]ultiplc wirldc)ws witllill  5

t,c, 10sccoIIds, aiaill clc]lll~lcl)l]ffcrccl. W]iilc tllc exact attitude is ~lot valid, if tllc IRIJ  arc used, corrcctirlg tile

sl)ot ]IlcasureIllc]lt,s  give tile cquiva]c]lt  of asi]]glc fra]I]c of data s]~ots takc[i at the sal IIe tilllc. l“igure 2

i l l u s t r a t e s  tllc stri])s a[ld  window  i]lg;. III ficlcl test,s  wit])  the c[lg,i Ilecrirlg  II Iodcl  SltlJ 20 to 35 sl)c)ts  are tyl)ically

Stri[)s I 2 to 4 stril,s used,  “110 wi[,dows 1
I I

SIIIII Illodc’s I ~}1 X ~V tod]l X 82)

};xl)osurc  til,,es 5001[1s to 1000111s, dcpcllds  Sulll  11)0(1(’. I
Star  scarclt  set l)iskccl, tcrcd  at,out est. t,orcsight, 25 to

35” diallteter,  (500 t01000cle~2),650

fc,r Saturr( irlscrtiolt  su~,})ort.

I
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. Cclllcclecl; :I])})roxililatcly tlte salrte nul]ll)cr  a s  \v]Ie II l]sitl~,  tlIe scc II( silrl(llatjot)s as (Icscril)ccl  latrr.

l“or 1{[’[ic[l~lisitioll, tllc sl)c~ts IJlcasurcl[lcrlts  frorI\  t]lc slri])s a r e  uscxl f o r  I[latcllil]g aII(l tl]c attitllclc corrcctio]Is

a r c  II Iad C I)etwcc]i tllc fralllc, ‘1’]lC :iccuracy fc,r the corrcctxd sl,ots s]lou  I(I I)c rollg]l]~  500~{rad/s(,ar  p c r  a x i s /

usitlp, II]r:icl 4 X 4 Suj)crl)ixcls,
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4 . 2  Mcasum]nc]lt I’rocc:ssing mld Star Scarcll S])nc,c Organ  izatio]~

‘1’0 sl)cccl ul) })roc.essillg; , cv[l]]llasis  is ])1.aced 0]1 tllc Illcasure[llcllt set, since a Illatcllillp;  datal)asc of star

sc])aratiolis  is ]]crt, ava i l ab le .  A  sc])aratiorl  talj]e is crcat,c  for tllc ljriglltest (8 tcj 10) ~rlcasurcrrlcrlts  and u]) to 45

])airs  o f  IIleasurelrlcnts.  ‘J’llc s],ot Incasurclllcllts arc corrcct,ed  f o r  Cr])tical  ~corllctric  Clistcrrtior), assul]-]il]g a  ~l)i(l

s t a r  c o l o r  corrcctiol]. l’or cacll l[teasure.t Iie])t l)air, tlIe Incasurelllcvlt  nullll~crs,  (slnaller ~lulrll)er first for

u,,iqucr,css),  scparatioll, at] a t t i tude  a~lglc, arid  a set of IIoll-ortllogollal  ~[la])]jillg cocflic.irults  to Cxl)rcss  the

collstrai~lt vcc.tors  in ter~ns  of the ~[leasurell)cult  vectors .  l{ccause the c.orlstrail]t,s  are avail al)le ill bc]tll sl)acecraft

and celes t ia l  c.oordi]latcs,  tllc sal[lc set of 11-ia])])illg coc[licicrlts is USC(I  011 star J2?OO0  vectors to c]lcck tllc

collsistmlcy of tllc s t a r  v e c t o r s  w i t h  tltc IIleasurclrlcllt vcc.tors  for l~otll c.c)r)strair]ts, arlcl ultil[late]y, c)ric]ltatiotl  of

triallglcs, ‘1’lIc l ist  is  sorkxl  by sc])aratio]l, allowirlg ra])i(l loc~ku]) of wl]etl]cr a  s t a r s  ])air r[iatclk sorIIc sj, ot p a i r ( s ) .

orIcc tlIc ]Iicasure],icrlt tal)lcs a r c  ])rcpare(l, tllc s t a r  l[,atcllillg i]],])lctllcI]ttitic]Il  t a k e s  a  straigl)t forivarcl aIIcl

b r u t e  f o r c e  a],]) roach to Inatcllilig, using tile ],re-c.ol[l]~utcd  l[lcasurclJlcllt  tal,lcs to Irlillilllize tlic C. OIIl])UtZLtiOIl.

A d d i t i o n a l l y ,  organizatic,n  of tllc stars ill tllc star search s~,acc allc,ws  so]llc  otllcr ef[ic.icrlcies.  IIerc tllc

c~rgarlizat,iorl for t]lc  Al band of stars c.asc is clcscril)cd,  wit]l  t,]lc rcacquisit,io~l  c.asc sc)r[lcwhat  sir[l])]cr.  G i v e n  t~lc

a t t i t u d e  c.o~lstraillts  clcscrihcd ear l ier ,  tile S(III J200(I” vector and a~l arl)jtrari]y c,]lose]l  }~cr[)cllclicu]ar  vector  1]

])aralncterizc the search st,rip balicl. ‘1’llc ha!ld d i v i d e d  i~lto a g;roup of ~~ adjac.cllt,  ])arti(,iolls ‘regiorls’,  cac]l  tCII

degrees  of  clock arlgle  wide, arid paraIlletcrizcd  l)y a c.lcIck allglc rllcasure(l frc)rli tile 11 vcc.tor.  ‘1’l}c rcgioll ]Iulnl]cr

for cac.]1 star is calculated a~ld used to partially order tile set by rcgiorl  rlurnbcr - )Io fiIlr7r  ordering is used,



<

‘1’llc rr~io])s  arc ]Jroccsscd  by s(artillg at (,IIc first rcgiorl,  I)rocessillg  all rc~iolls t h a t  collld  cotltaiIl s t a r s  f o r  a  I’OV

c(l)k~rcd il) tlIai re~ic) l], the]) step]~il]g  tllrou~il tllc rct]laillil]g rcgiolls. l~or cacll  fixd s e t  of rcj;ic,lls,  tllc stars a r c

scquetltial]y  proccssd by illcmncrltil)g a s tar  c.ount,cr rcfsl[(?”, ,-Ll)d mlll])utc tllc I)airwisc d i s t a n c e s  Letwccll  Ll)~I

s t a r  represent,  d l~y J.cjslc17, arid  t]lc rel[l:lif]illg  (collll)arisorl)  stars Jvit]li]l t,llp regiorls, using tllc cc~utlter r-stat’.

‘1’hc sillc  of tllc pair-wise distance is corll],ut,cd,  and coI1l])arcd  to t,l]c sorted lllcasurd spot set. ‘J’lle set of all

I)airs cc)lltai]li]lg  the first, star, rcjs(c[r is tllcn cxat]lirlcd for a srt of stars t,llat is cc]llsistcllt  wi th  l,c)tll tllc

IIlc.asurcllle)lt,s  a~ld tllc a t t i t u d e  co~lstraillts.  l’or cacti  s tar  that rnatclles I’cjstflr ar)d a l)air of ~rleasure]nrmtjs  rnr<

ar]d me:) tllc ordcrd s e t  {?n~{, cstrrr, m~;} is  saved, wllerc  7m~  i s  tllc lneasurc~[lcrlt<  idc]ltificcl wittl 7“efsta7’.  NTc)tc

only’ Ollc o r d e r i n g ,  7711{,  mc: o r  mc, 7711t  CaII I)c acce~~t,d  clue to tile t w i s t  cc)ilstraiats }vitl]out  t h e  constrail~t,sl

two triplets would lJC saved.. After prcrc.cssillg  a]] t,])c co]]l])arisoll  stars, wc have a list of the illdicm rq)rcsenting

s t a r  IlllIlil]crs, a[lcl rI[casurcI[lc[lt,  ~lut[ll)crs, ‘1’IIc list i s  sort,ccl, tl)eI] c.lustcrccl l>y rcfcrellcc s t a r  II)casurell]cl]t,s,

?11)(,

7[11{2

?lIJ{,,

Star - ]{,aw  S])ot M&snmmcIlt  A s s o c i a t i o n ] )

Csfar, ?n~,

Cstarp ln~2

csta7”,* ?n~n.—

S t a r  -  SorLcd  Sl]ot lncasurc]]lcllt assc~ciatio]l-.
Cst[l?’1

Cst[ll’,

CSI(ll’2

cstcrr~

(-St [11,,,

me,
?n~2

m~3

7Jl~4

III tllc case that tllc Ilulllljcr of ~natchcs is sufJicicnt, t,llc list of star ~lieasurmlle]lt  llU1rlhcrs to star catalc,g

llur[ll~{:rs arc clusterd, by s i m p l y  groul)irlg tllc stars and rneasurclllcllts that are corwistellt wi th  tile refcrcncc

star. Witlli)l each set ,  cc~ast,rairlt,s arc cllccked  ar)d cltlstcrccl irlto sulmts that give  cc)rlsiste~lt  a t t i t u d e

qllatcrlllcm. Fitlaliy,  if a Sd of stars wit]]  at least 3 stars is fourld, tl)c tri])]e with t]lc  largest  sc~)aratio~l  arlg][: is
u s e d  to co[npute  t]ic  attitude t,rar]sforlnatic)n froro SILU  to J 20009,,,,3. At this ]~oillt,  wc h a v e  a ccnliputec]  a

quatcrl)ioll  frolll  J2000 to the SILIJ fra]nc basal C)I1 a triallglc of stars that l[latc.llcs  a triangle of rncasurmnerits

slid tllccts tllc attitude cot~s trait its of t,llc sun or other refc.rmlcc  vector. At this ]~c)illt,  the sulmet of stars llea~

tllc SILIJ borcsigllt  c.onsistcxlt  with this attitude arc c.olnl)ard to the full set of 25 to 35 spot ~[lcasurelnents.  At

this ~~c)illt, tllc prol>lmn becoll)cs a  sill]ple Illagrlitudc alicl scl)aratiorl cllcck bctwecli tllc I[lcasurm[le]its rIIappccl

to J2000. arid a small set of stars. ‘1’ltc critcric)rl  for ~rlatcllirlg  ~low is w]lctller crlougll  stars rllatcll tllc

IIlcasurclllcrit  s~)ots U]lder tllc J[ialJIJing;. ‘1’lIc IIurlll)cr  c)f stars rcquird for dcdarirlg  a Il]atcll is a flight

])ararllCt~r.  ‘~’y])iCa]ly  fiV12 stars arf! requird,  ‘? to ]~ USUFL]]y  arC IIlatC.}lC(l.  ‘J’])C attitUCIC  quatCrrliclIIS are

c.olll}~utd  usiag a ~llodificd vcrsioll fo tllc QIJIIX’J’ alp;oritllrn, wllcre equal  wciglltilig of IIleasurclnents is

rcclucc  tllc storage arid  codirlg.

~ ‘J’rackillg

‘J’IIc Star ‘1’racking furlc.tic)~l takes l]lore or lCSS  a  t radi t ional  al,])roacll, wi th  tllc l~ossil)lc  cxcc])tion of its

illtcgratioa wit,ll otllm - I’SW cler[~cnts  and ti~;llt  interac.tlioll  wit,ll t,llc a t t i t u d e  mt, irllator as slIowlI, ratllcr

used  to

tliarl orl

a  st,arld-alollc  corll])uter, Star track  ir)g rrlairltajrls  t,JIc  s])acc  craft att,  itu{le  ljy rllakirlg re]jeatecl r[ic:isurerllcrlts o f

krlowrl stars, by g;etting  spacecraf t  a t t i tude fro~ll Arl’lI;,  choosirlg track s[ars ar~d SILLJ  ])arar[lctcrs, arid

c.orlll[lal)dir)g  tllc SILIJ for l)ixcl  data. ‘J’lie pixel data is ])rc)cesscd,  the star ])ositiorls ]rlcasurcd, vcrifid, arid  the

s t a r  ])rcdic.tcd  arid ]neasurerrlcrlt  ~)ositiorls  arc rcturrlcd  tc) tllc AI’II;. If s t a r s  are Ic)st,  StarII) attcr~i])ts t o

autollor[lously  recover  by attcrn])tirlg star lllatc.hirlg using tllc l[lini-reacqui  sition furlc.tic)rl, o r  elltcr IIcacquisition

if tllc A’1’II;  attitude ur~ccrtairlt,y  l~ecotoes  large ,
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It] tllc c.onLcxt of tl)c  l’SW, Starll) etltcrs ‘l’rack after a COIIIIIIa  I)d to IIo’1’r:idc (suc.11 as af ter  all A t t i t u d e

IIlitializatic]rl)  or after a ILeacquisitio]). and reta ins  1 1 0  itlfc)r[l]atio~l  al)out tile rlleasurelncl]t of ~,revious  track

stars.

‘ l ’ r a c k  o})cratcs ill l)airs of frarrlcs, labcld as evm] or odd. ‘1’lic ],roccss is dmigllcd to l,e doul)lc  I,uflkrd as witli

tllc a t t i tude  illit,ializatiorl  proc.css, wit]]  ODC fra]llc c.o IrIIIIa IIclc(l, wllilc  tllc otllcr is being ]~rocesscd.  ‘1’0 save

],rccious (;] ’[1 tilllc, ~lulrlber  o f  ])ara~ncters a r e  OJlly col[ll)ut,ed  or Lll)d:itcd  oll tile CVeII fraltles. ])uriilg tt~c,

‘[evcrl” frarrlc, tllc a t t i tude  c.olwtraillts, star cacllc corlstrairll,s, wi[]dow  corlfiguratior,,  and t rack s tars  are tcstel:l

Irl)d arc u])clated  or dele ted i f  ncccssary. or) tllc odd frar[ics, that, ]lart of tllc ])rc~c.essir}g is stii~)})cd cxcc]~t at

IIig}l rate, using t,lle s a m e  wirldow  corlfiguratio~l, track stars ,  etc.

Wlti]c irl track, I,llc ]najor data sets arc tllc l,oc.al Star Cac.llc  (1,S[;) wl)icll  corltairls all tile star-s irl t}lc

llciglll~orllood  of tllc horcsigllt, tllc ‘l’rack Star I,ist wliicl~ contail]s tlie s tars  current ly  trac.kcd,  arid  two sets of

l’raTllc Ikfirlitioll ],ararnetcrs, o~lc for  each of  tl)c cvefl arid  odd fralne, arid  contains irlforr[latiorl al~c)ut tl)c  frar]lc

til[lirlg,  attitude jarld  c.ollfip;uration. “1’he t r a c k  wilidows call l~avc arljitrary ],laccll]cnt,  and call  cvml ovcrla]). ‘J’}Ic

])ixels  fro]!] a corlllrlandcd fra~ne  read sequcntial]y int,c, AI’C IIlcrikory.  A srt, of siru],]e  “sorti]lg’)  ],aralrlctms a r e

cc}lll~)utd  wl~cllcwc.r  tllc window collfiguratiol~ c.llallgcw tl]is ]Jrmcvlts  ]1o pro})lclll  cxccpt fc]r insuring that

wllmlcvcr  the  wirldow  configuratic]~l  cllar)g;es, llcw l)aralllcters arc cc)rrl])(ltccl.~~’llic}l  a l low t}lc urlsc~rtiilg  (o!lly  tile

window ])ixcls  arc illters])mscd  wit}l l)ixcls frorll anot]ler w i n d o w ) .
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☛ Predicted star
position for
window

5x5 box
for centroid

placement T rack window start

(x *%,, y

Ilackpjound for ce[ltroid
i.$ ca]cu]  ated cloning, a
cmdc  wnkoid for
centering, then

I computing me<an  of 3
dimmcsl sides of 1)1, h2 ,
1)3 y)d h d –. .

Typical Track Pattern

‘I”hc  snows poin[ to the es[in)atc;  star

iu lower right hancl  coruer woulcl

cxcecd cr[or.

‘1’]Ic cc~ltroidiflg  assu]llcs a  local ly  ccs~mtallt hac,k?;rc]utld itl o rder  to kcc}) ]~ackgroulld  sut)tractic)l] sif[l])]c  M](] f,]IUS

i s  IIOt,  optirnim(l LO rcII~ovc streak irlg froll]  illt,erfcriflg  s t a r s  o r  l)roto~l cvcl)ts, I]ackgrc]ulld  suhtrac.ticlll  rcrnovcs

tllc sig[ial that dcm not coIIIe froIl]  tile star of illtcrcs~ cluring  tile cx]~osurc  ])criod, clil[litlatcs lrlost r e a d o u t

slllcar, t]lc  IIlcall  dark currcl)t rate, and ]iF;llt- fror]~ ot]lcr sttirs or cxt,crldccl s o u r c e s . ‘] ’11(!  t~])iCa]  StrIJ’  S1)Ot a~~lill$t

tl]e ])ixcl  IJac.kgroullc] is shcw~i ill fig. (??), whic]l  alsc) SI)C)WS tllc size c~f tile cclltroiditlg  w i n d o w  witllirl the track

willdc)w.  ‘J’hc ccntroicli~lg  area is showII by tlic claslIccl box. ‘J’tlc ]arg;e t r a c k  wi~lc]cw a r e a  c.ausf!s a  s]ig]lt  .

dcgradatic~ll  irl ])erforlnallcc  clue to longer readout tirrles, l)ut gives IIlc,re t,irnirlg  ~llargirl  itl the ]Jlacel[lellt of

Wirlclc)ws, arid  e r r o r s  i~l the  rate or ])osif,ion  l[icasurc]!)c]lts frc)tl] f,])c CSt,ir[l[LtOr,  ‘J’]Ie  l)acligroullci  l)N are  ohtai~lccl

frc)lll tllc l]cighboring pixels  by surll~nillg; the ])ixels  c)utsidc  tl,c celltroidir)g area, ellclosrd wit}lirl tllc d a r k ,

rCCtallg\l]Ztr arc!a ( a rc)w or C. OIUJJIII  away froltl the cctltrc]ic]i]lg  area). ]f the centroid  is rlc}t found at the estilrlatcd

]Ocatioll, t,]lc track window is sc.alIJIecl f o r  t]lc s t a r .  All f,llc s],c)t,s  fourl(] arc ttlcrl co)rl])arccl  f o r  c.c)]lsisterlcy w i t h

cstir[latc g;coll}ctry.  Shc)wll  to tile rigllf, is a t,y])ical  t r a c k  fral[lc, with the  arrc)ws  ]Joir)tirlg  tc) tllc cstirnate. “J’llc

larg;c  errc)r  ill tllc lower  rigl)t wir)clow shows a inconsistent error, so will I)c tossccl  as a valicl Jlleasurcrrlcr[t.

‘1’lle I,SC  rcduccs the Iluml>cr  of  ca lcula t ions  required tc, ~llair)tairl  tllc star trac.kirlg  fonctio~ls,  I)y iltcc)r])c]rating

],ro],cr lrlc,tioll  arid  SiICeCl  of light cc)rrectic,~l for al]])arerlt,  star ],ositio[l. It is also usecl fc,r keeJ)il[g  a local }listory

c)f w]lic]l  stars arc. succ.cssful]y  t racked.

Wllcl)  stars arc droI)l~d, Ilew stars arc requid. howcvet , as Iorlg as a set c~f track stars call  hc used atid

verified, l]lere is no ~Icc(] for t]lc  rcfcrc~le.c attitude to ])e cllcc.keel, t]]c I,SC  ul~datcd, the rate dcprv]c]cnlt  track

l,ararllctcrs cllcckc(l  or the track star list u], dat,cd,

6 o p t i c a l  Mocld  and C;oordinatc  fra]ne

‘J’lle  ( 3  dil]lc]~sic)~lal) S}LI-J  cc)ordinatc fra~[lc  is  ddi])cd hy tl]c urlit vcctc)rs  {~, U, ;} whic]l  h:ive  tile IIc,roil)al

aligrlrllcllt to the Cassirli Spacecraft as
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A  two dirilctlsic,r,al  C(:I) ccmrdinat,c.  fralnc (It,  v),  ( w h e r e  tlic ccl~t,rc,icl ]l,c,:~stirelll[],t,s  arc col,,~,utd) is defi]]cd  I,Y

ttlc colu ItJTJs  and rows of  t,lle CC]), :iild is silcll  that tltc 2-I) -111 axis is a],]> roxilljately ]~crpm]dicul:ir  to tllc SC

Y axis ,  and v to tl}c S/(; Z, ‘1’llc SR(J  l~orcsigllt  is i~crl)clldic,ular  to tlic focal  ~,lallc, :itld alolig tllc S /C +X axis.

l’or a ]~ill-l~ole f o c a l  syst,cIII wit,}] foc.zil ]mlgth  j, ~ricasurelllcrlt,s  (AoI, Ay), I])casurcd frolll  the ccrltcr of t]]c ];C)}r

are [[lzi]~pcd tc) Llw uliit v e c t o r  c~l)taincxl I)y tlor][lalizillg  (Az,  /j, A?y/j,  1). ‘1’IIC o])tic.al  IJ)odcl USCCI  itl t h e

tilgoritllllll  and silllul:ition  iril:igc  tllc)de.1 colll]lutcs  Lllc distort ic)ll correct ions  as  a ])ositioIl  dc])clldcTIt  focal le~l$tl),

dmcril)cd I)c]ow.

S e v e r a l  c.c)ri)I]ollcllts arc used to cc]lllpute  the cffcctivc focal lellgtl)  at a cclltroid locatio[l. ‘1’hcsc arc the

tclii~)craturc of the opt ics  Larrd, the star color, and tllc o])tics Clistortioll  I[lodcl.

‘]’]1~ c.]lafl~f?  Of t]lC Cl!lltroid  }Jc)sitic)]l due tO t]lC! C)])ti C21] ]Klrrc!]  tC!lllllCratUre  iS IIIOC]C]C(]  l)Y a C]lafl~C  ill  t]lC

cfl”cc. tivc focal l~llgth, A.fopt~,e)~]f,. ‘1’llis focal length cha{)cc  is c a l c u l a t e d  I)ased CJII the raw t,e]ll~)erature

~llcasurc]llc]lt I)N, 7’e77tp. A4cas.l)N, (a])]~roxi?]lat,ely 3 1 ) N / d e g r e e ) ,  .alI(l  is !;iver~ by equ:itic)]l (1) , wit]) consta[!ts

{lIJl_Y’eIItIJ.?lase.l)N a]ld 011t-7’cIItI)-io-deltcL-  [’l.

‘J’IIc star c.o]or focal lc]lgth cllallgc is talc.ulatcd as a fullct,  io]l of Lllc ej]’ectivc  star tc1npr3-ature,  7:, ex~lrmscd  ill

clcgrccs  Kclvi]l,  A color paralllctcr, Co]] ’  is stoi-cd  wit]lirl  the catalc]~,, and is ddiricd I]y 7~ =. Coi l ’  X 3 0 0 .

Co]llj)crlsation  is calculated as furlction of tllc secolid  ordrr J)oly]lor[lial showII  hclow,  usirlg (2), w i t h  stored

cocflicicl]ts (~h alId  CU.

A.fc>ftt7e,,,!> =  (7’cw.MMs.I)N - 0p.7rclnp I{ CC SC. I)N) x 0pL7’cmp.t  o-dcll[i. [’l (1)

Aj,, (lL) = Ch[O] -I C~h[l]Coll’  -t C/L[2](C~oll’)2 with A jU(7~)  cot,l],iltd sill~ilarly (2)

‘1’l)c c)})tics tmllpcrature focal  lctlg; t}l corrcctio]l is al]oilt 0,25  r[licroll/dcgrcc [;, so Zi 5(I degree cllangc causes a

celilcoid il[la~c to shift by ap~)roxilllately  0.027%  , and tllc ex])cctd ccj]or cfl’ect is about 35i{rad  s h i f t  at, tile cxlge

of L]IC  l(’OV l]dwmll IJ]UC and red stars, a focal ]c]lgtli  s]lift of al~out  0.01 3% “J’he o])tica] d is tor t ion correct ion

tcr[lls that iacorporak tllc O])tics tcrll])craturc and star t,ctril)erature  focal  lcll~tll cc)[IL]}orIcIIh are given  l,y

alfd  is irldc])etidcrlt frorll  tllc spot  pc)sitiol)  ill

raw cclltroid values XC and yC.

x= xc- 512,
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7 STAR CAg’Al,OG

‘1’l)c (.hsi]li A I’(;  stc)rcs  a full sky covcragc Cat{ilog, c,ollt,ailiil~g data for Ul) to 4000 stars XI](I colltai))s I)ositioll

vectors ,  color ,  illst,ru]licnt ~llagllitrldc, atld usal)i]it,y  flags (SUCl  I as  tlIc star JIaS  110 si]llilar llei~hl~ors within 0.5

(Icp;rccs, or try this s t a r  first, ) t,]lat llel])s or[lcr tllc stars for  Star]l) sc]cct,ic)~l ill c]loosill~ stars fc)r trackin~, stars

Sclcct,cd for t,]lc catalog are c h o s e n  ~~ a furlctiotl of ]]osit,  iorl in t]lc sky,  rcstl]ti]l~ in a catalog that has [Iiflerc]lt

~lla~llitude li]llits for diflkrcl]t ]Jarts of the sky. As ]Jart of tllc sclcctioli ])rocessl  it earl he guarantcml that the

met-y  I“OV would have sufllcient covcragc. ‘1’lIc  catalog storage is part i t ioned as cleclinatiol) bands of

stzlrs,s[l  l~-l)artitiollccl jrl ri~llt ascerlsioll re.~iolls. ‘1’hc starti]lg; ]c]cation of cacll rcgioll  is used  an illdcx for  a  s tar

looku~) fulictiot~  wl~ic.li dctcrlllillcs tile regiolis rcquird to cover  t]lc  SILII 1’OV.

ltlsirulllc]lt IIlagrlitrldc is apl~rc]xirnatcly Ma{/,~,s = Magv - 0.59  jrrrtorx(]~-k’)

wllcrc 1{ aIIcl \r arc t,llc IIVLJ color  terlm f o r  tllc s t a r .

‘J’hc full o]l-hoar[l stora~c sirnpliflcs lnissioll c]l~eratiorls  l~y clilllirlatillg the need to u})load stars o]ily  as they arc

rcquird (a traditional J] ’I, apprc)ach). Only the stars that arc ill this catalog can bc idc]ltifid or sclectcd for

t rack,  lessitlg tllc likclillc)od  of trackilig the wrorlg  star. ‘1’lIc catalog will co~itaili  all stars dowli  to allnut

lllagnitudc 5, atld a sclcctio]l of stars to about 6.5 nffl.

8 IMAG1’; }’;MUI,A’J’ION  lJNIrJ’ (Ill])

.s.1 “J’[x+ti]lg A])]Jrwacl~As onc  of t,}le ]Ilost CC)III])lCX parts of tl]e Cassilli Jlip,llt so f tware , the Star]]) al~orithrlls

r e q u i r e  a conl])rc]lcrlsive  testirlg ap])roacll wllic}l serves its rlccds  wl]ilc  wclrkillg  witlliu  tllc fralliework of all flight

software and sul)systctil  i~lteg; ration act, ivitim. CJclltral  to tl]is is the ll[]agc I’hllulatio]l  LJ!lit (III;[J),  a scc~lc

sirrlu]atic)ll l]acliagc sul>l)ort,ill~ cacll ]Jllasc  of star II) al~c)rit,l~tll clc.velo]lr[lc[it  al~d test. ‘1’l)e. I1;[J  is all “ a t t i t u d e

i]], ])ixels out” sill]ulakio]l of the Cassi]li SltlJ, witfl  several  hardware  and scjftware  ilIII]letIlelltatiorls. q’hc

soft,warc  cc~ll)],c,ljer~t,s are all irlll~lc~ljcxltcd irl ANSI  C,.

‘1’llcrc arc. 4 distirlct ],l~ascs of ll;lJ usage. “J’hcsc arc outlirled  l)clow  aTld illustrated ill figures 1 alid 2.

lJl]it ‘J’cst ‘1’lIc Star]]) algoritlllrls arc ],rototy],  d irl (; orl lJllix workstat,iorls. ‘1’hc lI;LJ s u p p o r t s  t h i s

cotlfrguratiol) by rurl]lirlg  as several Unix  server ~)roccsses  wllicll  collect, SILIJ cot[llnands frorll  StarII) and retur~l

l)ixel  readouts  v ia  the IIcrkcley socket ],rc,t,oco].  S])ac.ccraft  a t t i tude/ra te  arc self-gerlcratcd  ill this ~)]lasc, and n o

rca-tilllc corlstraillts arc irll])cmd.

As a side bcndlt, the c . l icr l t /server  ]Jrotocols ilrl])lerrlc]ltecl  for tile {Jllit  ‘lest l)hase are dul)licatecl ill the

VxWorks-l)ased llc~st corlll)utcr for all laboratory illterfacm to S1{LJ  liardware (~~rototy])cs  th rough  l;nginrwrin~

Illodcl unit), ‘J’llis ],crrllits transl,arcllt tcs~irl~ of star]]) at, JI’1,’s ‘1’al,lc  hloulltairl O b s e r v a t o r y  f a c i l i t y ,  without

soflwarc l)]c~dificat,ior]s to t]ic interfaces.

Iiligl]t Sc)ftwam I)c:vdc,])ment S ystcnn (1’S1 )S) Cassirli li’lip;llt  Sof tware  (1’SW)  is writtcrl irl Ada, arid

tlic first Ada versio~~ of Star]]) is tested a]onp; with all otfler 11’SW  algc~ritllros  ill the I~SI)S, wllicll  is a

rlomrcal-tiltlc,  software orlly  sl)acecraft tcstbcd.:f ‘J’he 11’SI)S  arc}] itccturc is  LJnix I)ELSCC1,  atLc~ co~[~lllurlicate.s  wit}l

tile 11’SW  via [Jrlix  shared IIlcrllory,  usio.g clcwice rrlodels wllic.}1  c.losdy  I[latc}l  IIardwarc tc, ol~viatc  tl]e  n e e d  f o r

aIIy sl~cc ial l~,SW devic.c  clrivers. I“or FS1)S  testil)g, the 1( ’SW A d a  CC)CIC  is coro]]ile[l to SurloS using Surl
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✎ klic.rcwys~el, )’s jfda dcvelo],l, iel,t p a c k a g e .  i~Sl)S  slti)(j]at,es  s]);icccraft, (]yllzi],iics  zinc] al] scrlsc,rs/act,llators,  “1’ljc

1“S1)S ilrl])l(’1~~(.littl[ic,ll  of tllc II;ll closely  rmclnl~lcs  tIIC IJ[lit ‘1’cst  vcrsic,ll. I;ssc])tially, tl]e I~SI)S  rcp]acrm  the

]Jrot,c]t,yl,c S(,ar]l) code as tllc llI; IJ’s “clicr]t,, ” aIId iIlll]lc]lle]lts l~Sl)S-s]Jecific  l’ixel  Outp(it lJIlit (1’01.J) aIId l’ixcl

lrl})ut, [J]lit (1’IU)  II IO CICIS to cllfc)rce till]illg w i t h  rcsl]cct to silllulatic,tl  t,i]]jc,

l“light. SC)fLWill’(!  ~’CStllC(l  (1’S’I’IJ) ‘J’lle Ca.willi  /ltt,itllclc-(; olltrol-S(ll, systcll~ I’ligl,t Col,,])utcr (Al~C)  i s

custo~ll  built co~li])utcr  based on Ltlc 1750 chip set,, so its avail fil~ility is lil]litd. ‘J’l)e lrS’l’l~ is dcvcloJ)d tc) fill

t]~c ,gal) ~)ci,wceJI  t]}~ l~S1)S aIId t]lc! Intcp;ratio]l “1’csL lJZLI) (1 ’1 ’ ] , ) .  ‘1’]Ic l~S’J’11 is a rea]-tilne, V h l l ; - b a s e d  sI)acccraft

test,l)ccl using a c.oln~nerc.ial  1 7 5 0  si~lglc b o a r d  colll]]utcr  (S1][;) IIlade I)y ‘1’ASCO  IIic, to IIost  tile I~SW and  a

collil~iliation of 68040/60 S11(.;’s  arid  SurI S]mrcstatioll 20’s for tcstl)cd software. ‘1’hc 680x0  S11(;’s sm-vc as  the

testl)cd llcmt, rut) VxWorks as the real tirlle ol)cr:itillg  syste~[l,  atld co~,lll\unicate  wi th  the  l’SW/rl’ASCO  S}IC

using snared VM I’; IIlcnllory. ‘J’hese pcr~ilit  a large dcgrcc of tcstbd c o d e  co~lllnorlality  wit,ll the 1“S1)S, a ])arallcl

w h i c h  i s  carrid to t])c 11’; U. ‘J’he III; [J il]l])]ef[lc~ltatio~l  for II’S’]’]]  is Ilcarly ic]c]ltic.al tc] t]iat for 1’S1)S, excel)t fior

rullllilig utlclcr  the Solaris 2.5 opcrati]lg systcIn. Solaris 2.5’s real-til[le features- ~)riority  scllcclulin~ arlcl

~l]c]l]ory-loc.ki]lg (to ]jrevc]lt ~r]e~nory  swa]]-out)- arc so flicic]lt for tllc llI;LJ to ~llect tlIc  real- t ime rccluirc~ne]lts

i)n])oscd  lime.  ‘J’IJc I)llysical  illtcrfac.c  l a y e r  bctwcc~l  tllc 1}~(1  atlcl the  IIost  Sl\C is llllcrrlet, wllicl)  is fast cxic]~l,qh

wit}] rcs}>cct to both the Cassilli  AACS  I]US allcl l’ixcl  IIus tc] ]Jm-rllit tllc usc  of tllc s o c k e t  s o f t w a r e  irlterfaccs

wi~liout  IIlc)dificatic)rl.

IIltc:g,at.iol] qk!st Lal) (12’1,) ‘1’he 1’1’1,  is wllcre tllc mltii-c Attit,udc ~;o[ltrol  Subsyste~li  is il~tcgratd a]ld

tested ],rior (,0 spac,ccraft irltcgratiorl, using all re]cvarlt h a r d w a r e  irl tllc lc)o]). ‘1’hus t}Ie IIJLJ  is  all illtcp;ral ])art

of tl]c A(X SIIJ (Sup]lort l’klui~)nlerlt). ‘J’he  llI; lJ irtil)lerrlc[lt:itic~rl  IIerc works coo]~crativdy  with the SILLJ to

])crlllit fully fulict,iollal c.losccl-lc)c)p tcstillg c)f tllc l“SW  “011 tl~e l)cncli.” A s  SIIOWII ill fi~urc 2, tl]c Cassirii  Sltll is

dcsiF; [led  witl] a tes t -por t  to  acccl)t pixel  in])ots frol[l  all external sc)urcc  instead of tile CC]) A/l) convcrtcr

clut]~ut.  CC]) c.lc~ckirlg signals are sent out frottl tile test-]~ort, for syllcllrc)rlir,:~tio~l. A  custo~n  illtcrface I)oarcl,  the

“ 1 llLJ-llc,ard”, i s  I)uilt wit}) a VSl\ (VMII; S\]}>systc]rl  l]US st, a]ldard) illt, erface  011 OIIC side and Slt[J test- ])ort

i n t e r f a c e  on tl]c otl]er. ‘J’l]c  IIIJLJ sof tware  rurls  011 aIl i8t3(J array I)rocessc]r  l)ased  Sl\C built by Sky Co~liputers

llIc.. h’ligllt, softwai-c  colll]ilancls arc irlt,crcel)tcd  frolll tlic AACS bus alld rout,cx] t o  I>c)tll the SILIJ zirld II+;(J

sil[l[tlt,tirlcotlsly.  ‘1’he 11’; U uses silnulated spacecraft  att i tude to gellcrate tl)c  expcc. tccl pixc]  readout ,  wllicll  it

l)MA’s to tllc II;ll-hoard via the VS1{. ‘lo  I[lcct real- tirlle., t,lIc silllulatiotl a]lcl I)NIA ]Ilust be perfor~l)ed  in

appro~i~llate]y tll~ ~o~l”llllall~l~(l illt%ratio~l  tilll~, so that as tllc SILIJ I)cgirw its CC1)  rcadcmt the silrlulated
],ixc]s  CaII  l)c fcd to it via tlie tes t  por t .

8 . 2  11’~11 lt,c!cl~lilc!~]]el)tsA1ly  sirnulatio~i  is  a  balarlcc betwccll fidc]ity arid  sped. ‘1’]Ic ca])ahility t o  su])])ort

rea]-til[le Sil[LU]{LtiOIIS  ill the. I’]’1, ellvirol~lncllt is a prill”)c requirctncat of t]lc  I};LJ w’]lic}l d r o v e  Inally dcsigtl

tradeofls, dct:iilcd later. While 1’S1)S a~ld IIIlit “lest versions of tile I1+;lJ do riot  have real-til[lc requirements, tllc

ovcrllcad of sul)}Jortillg  scq):iratc  Vcrsiolls  w}lich cxJ)loit, this fact, for  increased fidelity  is cxccssivc. IIlstcad, tllc

llI;lJ is built,  f rom a  COIIIIIIOII source tree to su])l)ort all 4  tcstl)eds.

‘1’lIc (;assirli 1’1’1, silllolation col[l~~uters  were  CIIOSCII  ill 1991, wherl  tllc i860  “Skyllolt”  re~)rcserlted  tllc to}, end of

tt~c ViM1’; sil~glc-l)c~ard colllput)cr  ],crforrIlaIlce s])ectru~ll. ‘1’lle i8G0  is a vector (array) processor, and des],itc tile

[lsa~;c of a vcct,or  corl]pilcr, substatltia] “llarlcl-\ rcctorizatio Il” of critical 1 I;ll c.o[li]~utatioll  lcm~w is l]ecessary to

aClliC’VC!  sufficicrlt SI)CCC].  At the start of t]]c I1; {J dcvelol)nlcllt  efl’ort (1993) ,  another key co~)strairlt  was that t,hc
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.  - - - -  .  ..-. - - - - -  - - - - -

The FSTB is built around a commercial 1750A single board
computer, and is the first native target for the Ada flight
software. The spacecraft and dynamics simulation are nearly
identical to FSDS, but ported to the VxWorks OS running on
a 68060 single board computer at real-time.

L

Simulation ctrl,
user interface
(sarno as
FSDS)

IEU, Unix
(Solaris 2.5)
version with
real-time
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interface to
FST13.
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commands  an pixels readout

here is Etheme , and 68030
host runs VXW rks. The TCP/
1P interface pre entod to the
Star/f) prototyp or the FSCIS
here is identica to that used

7with the IEU, r uiring minimal
code change f real-sky
tests.

S u n  ~ &ation

StarID- prototype
(C) or FSDS (Ada)
versions

11’ip;ure 5: Sc.llc]rlat,ic  of tile cassi~li St,arII) tcsti]lg approacli, showirlg how f,llc lk; U is used  irl 3 of 4 rllajor tcsf,bt!d
Cllvironll-lcllf,s:  uliif, test, l“ligllt Sof tware  l)cvcloprnrmt  Systmn (1’ ’S1)S) ,  alld Fliglit Sof tware  ‘1’estbed (11’S”1’1)).
‘Illougll  the tcstbeds d i f f e r  g r e a t l y ,  tile IIc;U is built arou~lcl sa~ne cc)re COCIC,  a n d  i n t e r f a c e s  a r e  L,rescrvecl t o

a large cxtmit. ‘1’llis has  the siclc b e n e f i t  t h a t  bottl the protc)ty~)c  Star]]) C.OCIC and  the  1+’S1)S COCIC caxl be r u n
interfaced tHZILSpaIVTLtly to SltU l~readboard  and l(;ngitlecri~lg, Models for real-sky testi]% at J 1’1,’s ‘1’able Mountai~l
Observatory (’J’MO) facility.



IEU  Suppori  for Hardwore-h-r.the-Loop  Testing
Integration Test Lab (IIL) and Assembly-Test-Launch-Ops (ATL O)
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I

trfdf,c  between  the AF C and
—+ he fhghf  computer is exectiing  —

AACS devices
II

dual  fllght  software in real.
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Reflective Memory Bus ‘\,
This is a high.  spaod  hk ‘.
synchronizing reflective memory
cards  in separate VME chasses,
AH  real-time software models,
includlng  the  IEU, execute on
array  processors housed  in VME
chasses.  Spacecraft all,tuda~
rafes, AFC commands, and
simulation cpare!or  commands
are pawed between the real-time

mcdols using shared memory
through this hnk.

Qb lxd  Bus

he Pixel Bus is a dedicated 50K pixflsts
erial  connection to pass pixel read.oul
rom the SFIU  to tfto AFC

I TtroSRUhma  tes,pmfwhich  caninjeda  digital signal

/
imnmdiate/y  downstrearrj  of f/@ CCO’S ND converter. 7his is

// used wi/h  f/je /EU  for Ieal-finm,  hardware in the /eep  ktin.o.

t
i’ When the lest porl cormoctor  is removed, the signel  path f;orrt

the sensor path  to the rest  of the SRU is restored.

Image Emulation Unit (IEU)

J
:uslom  IEU Interface

II [ output
static RAM hame registers

buffer (lo24 X 1024 1

X 16bits)
[

address
central

[
I

[ VSE!UF  ]
,,.

+ L L [ I
VME Bus 1

VSB BUS

FL

\h
Stellar Reference Unil (SRU)

inwla!ed
IXel
mdcut

[ Sensor Head- - - - - -
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J
‘\\ Eleckmics  and f/F k
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~signak  I

It U So flware  runs here,

trarrshming  sinulated
image  in propor readout

format  to custom  IEU
inlmface  via VSfF  bus

●
AACS Bu8

Pixel Bus
●

11’igurc 6: With cooperative design in the SRU, the I1;U is used for real-ti]nc, hardware i~l the loop testing in bc,th
tllc AA~S Subsystcrn  integration ‘1’cst I,ab (1’1’1,) and subsequcrlt spacecraft Assclnbly-rJ’cst-  l,at]rlch O~jcratic,ns
(A’J’1,0).  ‘J’hc design permits closed-loop simulations of the entire A A(X flig},t  sc,ftwarc with RO XICCCI  for patching
to circulllvcnt the unavailability of a sky view.
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Skyl\o\t, relied 011 t h e  use  of f a s t  slal,ic ltIjJyf’s, forcii]g  a IIlc)llory  ]illlit, of 8 McgalJytcs. It is i!~teresti]lg  to lIotc

Ijllat,  as of 1995, l,]Ic Ily])crSparc l~asml SIIII !vorkst, at, ions O(lti]rrforll) cveli  t,lle vector-izcd  i~tio Coclc l~y o v e r  a

factor of 2.

No s])ccific  .accur:ic.y re.quirelnellts were  lcy’icd 011 t,ll~ ]];11 i t s e l f .  ltlstcad, t,l]c general rcquirclllcllt i s  t h a t  it I,c

s~iflicic:l)t,  t,o v e r i f y  t,l)at  St, arl]) IIICC[,S iis WCII (Icfir]cd acc~lrac.v rcquirerl)cllt,s. Veriflcatioll  of ttic III1{J’s a c c u r a c y

against real-sky tests of t]lc SILL]  l;n. gitlccri~lF; hlodcl is discussc.d  ill ScctioIl 8.5.

Silllilar]y,  110 s~)ccific rcquirellleats 011 tile fidelity of t])e  ]I;,[l were levied, with tile gcrlcral l,riliciplc of

“sufl icicl lcy-t o-veri fy-St,arl I)” ap])lyil]g. As it tur]ts out,,  this results it) tile IIc; [J

]IIc)del. SI{,I.J a t t r ibutes  ]oodclcd  to lnect tl)is l)rillci~)le  d iv ide  illto t,llrcc  gclleral

S t a r ] ] )  ]Jcrforlllallcc, t]losc to test S t a r ] ] )  robust~less t,o S]tlJ cffcc,ts,  allcl t,}Iose

bugs

●

●

●

bei~lg  a fair ly col[lljrellemive

c.ate.gorim:  tllosc to test IIolllilla]

Lo catch fli F;llt soft~vare  coding

‘1’llis is tllc co]u]~rctlerlsive list lIoodrl clcvl]cvits:

‘1’0 test StarII) l) OIllil121]  perforl[~atlcc: full-sky star catalog, ])oirlt  sl, read fullctiorl rnodcl, star-streaking; duc

to SILIJ ]Ilotiol),  ])ojsc II IO(ICI,  optical distort, ic)ll - as fullctic)lls  of ]]ositioll , star .zmd o}~tics tall])crature,

Witldowcd  readout of c(;l), sulllloaLioI)  luodes.

‘lo test ,  star]]) robllstrlcss: s tar  streaking (Ille LO rea(]o~lt and ]ack of slltlttcr, ~)ixcl ~~loo~)lil,g,  A/1)

convertm  satluratic]n, variable stars, ~~rotoll IIits, “llot” (Iligll  d a r k  currel)t) },ixcls, “dead” ~]ixels, cxtmldcd

bodies ill tlic field of vic.w

‘1’0  catctl l“SW  bugs Ilsitlg  sirlLI~le Inodcls: Ml]l’ II Ic,de,  allti-l)lool]lillg  ]JIodc,  vertical register gate ])c,sitive

volt,agc  Colit, rol,  flrlliwarc st,atc I])ac]lj]lc,  i]ltcrfacc ])c}lavior

11’illally,  art over-riddiag desi~tl rcxluirc][ie]it is for the 11’; U to colltai~l  useful features to aid ill algorithln

dcvelo]~lllel~tl  al~d s o f t w a r e  debugging.  MUCII attentior] lla.s l)CCII ]Jlaccxl c)~i tl[is rcquirernm]t, as will bc d e t a i l e d

ill Smtioll 8.4 lICICIW.

8.3 1  )csc].i])tioxi  o f  I1;U Moclc:l ~,lc:ll~m~t,s

Vllu-sky  star  c a t a l o g ‘J’lIc star catalog for tllc IIIJIJ cc)])Laills  UIJ to 3 5 0 0 0  e]itries, reacllin F; illto 8tl~

]tiagtlitudc. ‘1’lle Cle}]tll is sclectcxl  to adcquatr]y  cxercisc Starl I)’s  al)ilit,y  to disc.rilllillatc tracked stars  froll)

llcarlly neighbors.

‘J’lle catalog is o])ti11\i7,ed for siloulation llceds. J’;acll entry col]sists of :

‘J’lic unit vcc.tor  to  the s t a r  ili I~artll  r&lltcrcd ]Jquatorial coordillatesj collsiste]lt with tile flight sof tware

and silllulat,iol~  cpoc]ls. ‘l’lie full vector is stored to ilfl]lrove scarcli sl)ccd.

“1’IIC  irlstrulllcilt llLagtlitudc of t]le  star, ill units of })}lot,oclcctrotls  ]Jer sccc,rld  (f/c- /s ) to ],crIrlit silllulatiorl

of tlic SltLJ’s  var iable  gai]l. c;alcu]atioll of t]lc  itlstrull]cl]t Tl)agflitlldc  (hfi) frolll c,atalo?;  visual toagrlitucles

(Mv) uses  a global  fit tc, pllotor[lctric data obtained usi],g t],c SILLJ ];lig,i~,ccri~~g  Nloc]cl  at J1’1,’s ‘1’al,]c

hloulltaitl ohscrvatory, and is I)crforl[icd a t  c a t a l o g  gc.llcratioll tillle tc, Inaxirllizc  silllulatio~l sjIcec1. “J’lic

]nc)de]  is forrnulatcxl as a function of c.at, alog II-V values; JIUX  fc)r a ot,}l  hfi star is cst,al)lis]lcd  to be

1.884xlo~ pc” / s
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A  lJiatIkct  s c a l i n g  f a c t o r  can  he al,l,liccl to cacli star’s l,,aR],itude at c:~t,:,]c~g-]c~aci t,ir,]c.  ]rt addit.io],, cac],

star’s tna~[lit, uclc can bc itlclii, idually adjuslcd at run tilllr. ‘I$llrsc  slll]JJc,rt  t,csti]]g of Star I1)’s rol~ustrless  to

C.atalox  errors.

‘1’]Ic star co]or, to pcr[tlit c])rorilatic,  d is tor t ion  sil[lli]at,io]l. ‘1’]Ic u]lits ]Ilost,  co]lve~]ie~lt  for t]lis j)urposc is

Kclvills, alId tl)c  conversic,n  fro~]l catalox 11-V values to K is I)erforll]cd  at, c a t a l o g  ge)lcratiotl  til])e usit]~; a

fu])ctio])  i])tcr})olatcd frolll data ill.:’

AII i]ldcx  to a well k~lowt) ca ta log,  aIId var ious  flags t,o provide  sirrlulatic)u sl)ccd-up hints (for cxarrlplc,

d in-cas ing  s]~ot fidelity for stars beyond the flight catalog dcl)tll l~ccausc  ttlcy arc not ex])ectcd to be

tracked).

‘1’IIc cat,a]c)g is forlllatt,ccl to optir11i7,c  both s])cccl and s t o r a g e . ‘J’l]c  sky  i s  clivided  i~ltc, I)ancis by ltA and 1)1+;(;

(adjustahlc, curretlt]y 18° b y  18° ) ,  w i t h  2 ])olar ca])s  of  adjustahlc coI,c  widt], (curre~it]y  15° each), ‘1’he actual

star  c.at,alog is stored sortjecl  ,gIol]al]y  by ])l,(; , t,})crl ~vitllin  each  ]) JIJ(; I)alld  rarlgc l)y ILA. ‘1’]Ic centers  of  each sky

])atch arc stored alo~ig w i t h  poilltmrs  to tllc rallgcs to s t a r s  ill the ])atch. ‘1’l)c catalog sorting guarantcm that

s t a r s  wit,]liil t,]lc ]Jatc]lcs  C.atl be represcnt,ecl  I)y a slllall nullll)cr  of })oilltci-s to cc)llt,iguous  ranges in tllc f u l l

catalog. ‘1’l)c ret,ricval a]gorith]o t]lcn  u s e s  t w o  dot-] )roduc.t  searc]lcs, OIIe for  t,]le re]cva~lt  }Jatc]l ccllters, t]le

c)ther  for stars withitl  the patchm wllicll  fall i]} tile field of view. ‘1’his silll])lc algoritlltn actually outl)crforlns

lnorc colll])licatcd i]ldcxi]lg scllel]]cs, a s  d o t - p r o d u c t  scarcll code vcctorims well 011 the i860.  ‘J’hc Illeall tilnc to

ret, ricvc st, zirs 011 tllc 40h411z Skyllolt  is < 5]1)s, 3a < ]]1]s.

‘1’lIc  catalog is packaged as a sillglc binary file with all iridcx  ar)d relocation data l)ui]t ill. ‘1’his greatly reduces

silrlu]atioll  start-l]]) tillle at t]lc exl)c]lse  of SOIIIC I)ossil)]c  cross-])latfc)rlll illcorllI)atil)ility.  NOIIC arc ide~ltified

betwm[l i860’s  ar)d $parc’s; t,hcy h a v e  t,hc sa~l)c data reprcwclitatic,n  arid  align lr)e[lt.

SILIJ l’oinf, Sl)rcxicl ll\]llc,ticr]] A core fullc.tioll of tlic III; I.J is to ])roduce a ])ixellatcd ])oi~it source

siltlulatic)ll wllicll  results ill realistic. St,arl  I) celltrc)idillg }Jcrforll)anc.e.  “J’he II;LJ’s ])oillt s], reacl furlction (} ’S1’)

]llod~]s arc  ])rC-CCII1l}l UtC(l  aIIC]  StOrC(l aS tablCS O f  (]iStribUtiOllS C’Va]UatCCl at ])i XC!] ~ri[l ~lOil)tS aIl(] S])al)llill~  8X8

])ixcls. ‘J’wo i(leal 1’S1”S  (a ZXZ ]Jixcl ulliforlll aIId a 0.5 pixel a G a u s s i a n )  arc a v a i l a b l e  along with a Inediulo

f i d e l i t y  IIIC)CICI  gcllcrat,ed frc,lll  tllc SltlJ ol)t,ical  l,rcsc.ri])tiol]. ‘1’IIc ideal 1’S1”s are useful for dcl]ug;girl~  Star]]).

‘1’he J]’] ,  clcvelol,ccl  (;o~ltrollcd [)ptic.s hfodelil,g }’ackagc  (~ OM1’)?,? is used to dcvelol)  a set of lrlo]lochro~natic

sc)urc.c ray- t race illlagcs froro (J to 7.5° i~lcidcncc  angle ill ] .5° stc])s and 50011111  tc) 900111JI” source  wavclcrlgths irl

5011111  stelm, so]llc  of which arc shc)wl) i~l figure ~~?. oflicilkc (Ja]i]cc)  ]Jroviclc(l the  opt ica l  design, ])rescriptio~wj

a n d  s])c)t diagrarr~s  to gc~]erat,e  the cohll” ~r]orlcl. ‘J’hc i]~lap;es arc ]~ixcllated  a t  1 /48  S}tlJ  pixel sire. Nc}te that

radial syl[llllctry is assrrrllcd  ill this alla] ysisl  and the ])roduc.ts  arc rotated a s  II CCCICCI  (fip,urc  ??).

“1’hc ll]onocllror]latic  rcs})onse  irllagcs arc  weighted  usiilg tl)c SIL(J sl, ec.tra]  rcs}, ollsc  aI]d a l)lackl)ody

:li)])rc)xilll{itio~l  for star spectra to generate corl-l I]osite resl]o~lsc  illlages.  Analysis usi!lg  tllesc ill]agcs has SIIOW II

t)llat  sul)-])ixc]  cmltroid ac.cur-acy varies little }vit,ll res])cct,  tc,  s t a r  tcIlll)eraturc eflticts 011 t])e }’S1’ (t]lc full  range

of star tclll]~cratures  frolo 25001{  to 400001(  was c.ollsidercd),  ‘1’IIc conclusio]l is that the 1’S1’”s .gmlcrated  for

11’; (J usc Ilcecl consider on]y  OIIC rei)rmmt,ative star k!llll)c!ratllre, currel)t]y set at 6000K.  Note  t]lis is a sc])aratc

cifcct froln star centroid shifting due to cllrc)lllatic distortion, wllic.11  is significarit and is ~[]odclcd  sc])aratcly (see

])aE;c 17).

‘J’hc dctec.tor ],lal,cisdivicled illtc, 128x128  ~)ixcl regiorls, and t h e  cc,ll]~)c)sitcres],c)]lses  a r c  rc,tatcd asa],])ropi-iatc
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. [0 tl)c  rcgiolls’ cclltcrs. ‘1’lIc IIcarest t w o  r a d i a l  itlcidrllce aIIglc i[[lagcw arc illtcrlJo]at,  cd 10 forrll  tl)e  itt)agcw f c r r

(llal rep;ic)l].  l’;acl I illlagc i s  rc-ccI)t,ercd accor(lirlg  to i t s  ce]lt, roid t,c) colll])c~ls;itc f o r  rourldofl’  i]) t,l]c rotatic)tl alId

it]tcr])olatic)]l. l~illally  cacll  il[lagc i s  Dorll)alizcd  to unit, lllagI]itjude  and llu~l]crical]y  intc~; ratcxi  to ])ic~ducc ])roper

distril]ulionsj  discrctizecl to 0.1 ]Jixel s p a c i n g . ‘J’llis prc)ccss  is illustrated ill figure ??. ‘1’l)e c]ld ]~roduc.t is a 2

dilrlcllsiollal  tah]c of 1’S1{’  distril~utiorls  as func.ticjlis  of rc)w arid  colull]n, ‘J’tlesc are ])ackag;ccl alc,llg  with tl)c  two

iclea] 1’S17’S into OIIC b inary  file.

‘1’llc chc)im of using arl ideal or r[loclclcd  l’SIJ  is sclectecl  via user Colllroallc] at ru~l-tirne. An aclclitic)na]  ficlclity

level  is  defillcd- stars which  fall in a colrlloarlclccl  r e a d o u t  willdc,w  (~lIr2 OIIly  OIICS  W]lic]l  St,ar]])  cares al~c,tlt)  are

C.alCL]latCd OVCr 2C 6~G  ])iXC]  IY?~iOIl,  W]liC]l  Ot]l CiW ~Ct,  ~ )!~~ l)ixC!l  SI)C)L  (I II CISt]~  for  r)Ui_I)OSC  C)f C]iS})lay-  SW

Section 8.4).

A t  run-tilllc, star cclltcr p o s i t i o n s  011 the clctm.tor  platle arc gcl}cratecl  frc,]ll the o])tical clist,ortioll  Irioclcl ( s e e

l,clow). ‘1’lic 1’S1 clistributio,,s at each },ixcl cor,)er of  tl)c surrc,u,)clil)g  2x’2 or  fjx6 pixel region is cwaluatccl  frc,,n

tllc sf,orcd  taljlcs usirlg  l]carcst,  approxilnat,io~l or l~ilirlear  i~lter])olatioll respectively, perlrlitting  calculation of the

tc~tal ellcrgy rcc.civcxl a t  each l)ixcl  usilig 4 SUIIM. ‘1’IIc pixel values arc evaluated ill readout clata-nu[[ihcr  ul~its

(dtt), wllic.]1 scale  f rom the s tar’s  instru~llcnt  I],a.gt}ituclc  tllrougll the coll,r,,anclecl  SILIJ gairl,  ILecall that tllc

star’s illst,rulllcmt  rllagtlituclc  is stored ill the si]nulatic]t)  ca ta log,  arid  t,llat  tl]e  l’Sl~ itself is utlit )nag]lituclc.

Star Str(>akilig CIUC to SILL] Motion Spacecraf t  Illotic,ll  c.lcarly  has all effect OII thes tar irllagearld the

resul t ing  Star]]) r.entroicl  accuracy. Since star traclcillg;  irlvolves  snort (allnost always < 1s) ex}~osurc til[lcx,  allcl

sillc,c I,llc ]];IJ IIlust Illcct real- t i l l lc  req(lirelllcllt,s, tllc sl~ace,craft  rate is assuinecl  to IJC. constant fc)r eacl~ cxl)osure.

‘J’llc colllputation  c]f tllc mot ion  s t reak  has t}le greatest S1)CCCI ilnpact of all algoritl~lllsil] tile IIJLJ. ‘J’hcrcfore,  a

sir[l])le  ]I;u]c!r illtcgratioil Iooc]c] is LISCCI  i)) w]jic]l t]lc s t r e a k  i s  clivicfcd ilito illclivic]oal  stil] subexpc)sures and

SUIIIIIICCl.  ‘1’]lis clircct  algorit]l~ll has 2 lllajor ac]valltages: it is easy to vcctorizc  forsI)cwcl  01] the i860,  and it

])crl,litseasy traclcoff  l)ct,wcc],  ficlclity  :~tlcls])eccl  0 1 1  asillgle ])ara]l]et,er-  t}]c ]ll]rrll)cr ofs~tl)-cxl)c)stlrcs  per ])ixelof

star ~llc~tiorl,

Starsare c a t e g o r i z e d  aso~leof four ficlelitlylcvclsat r(lrltitllct  c,lllaxilrlizes irlllllatio~ls  ]~eccl.  Nolllotic]rl  strealcs

are c.c~]ll}~ut,cd for a star ootsiclc of cc)rnllla~lcled reaclc)ut, willclow.  A still 2x2 ])ixel s])ot  is gclterated at the

IIlicl-cxl)cxsurc  j)osition illstcad, lllostly for clisl)lay.  Nc) rllc)ticl~l s t reaks  are c,c)~nputecl  for stars wllic]l are ill

rcadcjut,  windows but clilllroer than 6.5 Nfi, as t]kcy are IIot cx])cc.tcxl to be t racked.  ‘J’he fidelity levels for tllc

rclllaillilig s t a r s  Clc])m]cl on t}lc rate- cxl)osure ])rocluct,  wllic}l clcter]lline wlletllcr  a Ilc)atillg  point acculllulator  i s

USCCI.  ‘J’o c.ollscrvc  loclllc)ry,  pixc]s values arc st,orecl a s  ut)sigfled  16-ljit  i[ltcgcrs. Whi]c tl]is gives  suflicicnt

dyltatllic.  range, it, results in truncation errors iii the sul[il)~atic~ii c~f the sul)-exl)osures, W!icl)  t}le rate- cx~)osurc

]Jroduct i s  l)elc)w 36 pixels at tl)cstar’s locat,ic]~l c)lI t,llc clct,cct,c,r l,lallc-, thcstrcak is constructed ill a flc,ating

])c,illl, accllllllllat,c)  r,t,llc]l trallsfcrccl to I,]lc fralllel)llfl’cr,  resu]tirlgil, greater  accuracy,  36 ~)ixclssul)tctld  tllc

streak produc,c!d I)y a Z,s’  exl~cxsurc at ().ZbO/S c)f t r a n s v e r s e  IIlotic)ll ( rate  colrll)c]rlc’llt a])out tile bor’esigllt

trallsforlll to slower ])ixcl rates givcnl tllc lirllit,eclficld c)f view), easily erlougll  to cover tt]c rall,ge  of .aI,plical)le

Starll) a c c u r a c y  rcquircloe])ts. Stars irl t]lc ]]igllest, fide]ity ]CVCI usc S.(fs[llj-exl)osllrcs ]~cr ])ixe]; t}lc ot]lcrs IISe

1.5 c,r nc)llc.

SI{,LJ P-Joist Mo(IcIs l’ropcr lnoclclir]gof rlc)isciscrucia] tc, extract, i~lgtllecorrcct },erforlt-~atlce frol,lStarlI)

ill testirlg. ‘J’]lrce s o u r c e s  arc cc)llsiclcrecl: rcadc)ut,  IIoisc,  d a r k  c.urrcllt,,  alicl pllotoll  shot  Ilc]isc. ‘1’flc I)asic  loodel
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f o r  tlIc  tloise al eac]l  pixel is ttlc followi]lg:

N  =- JV’(0, ~i’p) -1 7’(1{7’//)  + T’(](S) (3)

w]]CtC hT i s  t])t’  Ilc)is(?  va]~]~  i~l [ill,  Jv is the )l~rlllal  (listril)\]t,iotl,  7> is t,l)(’ ]) Oisso[l  distrib(ltic))[,  ~’ i s  the ~~])Os(}re

ti]lw [see], 1( is tllc. SILIJ gaiil [ dn/pc-  ], IL is tl)c dark  c~lrrctlt  rate [ pc- /s ], p is t,lle readout noise  a [ lW- ],

alId s is tllc IIleatl  I)ixcl signal [ pc  - ] .

Ilowcwr,  rullniag randoln noise gmlcrators of the ap~)ro])riatc distrihutioris  orl-line tc) calculate equa~ioll  3 wllilc

Incctillg  real-t,iroc recluirerllm]ts is i~npossible. IIlstead, the followil)g  concessions are rlladc:

●

●

Noise is coIt)putccl o]lly for pixels in rcaclout w,illdows.

‘1’llc l)oissoll  ])roecsses-  Snot  noise and dark curre]lt-.  arc a]~]~roxilllated  as Gaussian with a]) I)roI]riatc IIlcall

arid  variance. l)ark c.urre.rlt varial~c.e is ]IIode  led to vary linearly with iljt,egratio~l  tiloc, and ])hot,on  noise

v a r i a n c e  linear with rcsI]ec.t  to star sig]lal. Nc,tc tile latter assurllcs a proI,crly dcsigtled (’)photorl  li]l~itcd”)

signal prc)ccssing  C,}laill in t,}le S]LU, ]tcadout,  noise is  ]I]odcled  a s  zero lnean Gaussiarl.

‘1’he use  of Gaussiatl d is t r ibut ions  ~,erliiit, the ~)re-c.c,jl~~,llt,atic,ll c,f largr ‘(base” vectors at siroulatio]]

s~art~ll),  ]eavillg oIIly biasirlg allcl scaling to be dotlc ill real-tirllc. ‘1’hese cJI)eratiorls  vectorize  well 011 the

i860.  ‘1’llree (laussia~l Lase vectors, cacll  37768  clelr]cllts lorlg,  are ])rc-co~ll])uted  and stored: two for

readout nc]ise witl)  variar)ce collsisLellt  with t,lIr SltU’s t w o  gain set, titlgs, and one  c)f O rllcall allcl unit

v a r i a n c e .  Since tile lIJaxilnul[l llul]ll~er  of ])ixels  read c)ut ~)r-r fratlle is only  1024, selcctirlg a uriiforlllly

distril]ukd ranclo~n starting il)dcx  every fral!]c for extract, irlg noise vectors gives a reasonable

al)])roxilllatior~  of ~lllcorrelate~l  noise frolll frarlle tc] fraIllC.

For ]arge rcado~lt  windows,  t]}c readout til[lc call  be ]ollg  with rcs])ect t o  t]le int,egratiorl ti)r]c.  ‘J’hereforc

tllc last I)ixels  call  acculnu]ate sigllificant]y  ~llorc dark  currcllt tlla~l tile. first. ‘1’llis clark curre])t grac~iel)t i s

ig[lc]rccl. ‘1’lle ill~]~act is ~Ililiitrkal,  as lligll a c c u r a c y  t r a c k  situatio~ls al l  irlvolvc s]llall wirlclows.

[)])tical 1 )istoytiol~ Moclcl

It is forlllulatcd as two 9th c)rcler

:IIIC1 o])tics Ijarrel te]]l])crature:

‘J’lle SILJ.J optical distortic,ll  corrcctic)~l II)odel  is developed by Oflic.irle Galileo.

]Jolynornials,  and take into account j]osit,ior) i~l tile field  of view as well as star

wllcre tan(o) and tan(f~) are defined  to Le tile ra t ios  vr/vZ, vy/vZ of tllc ll)rasure~lle~lt  star v e c t o r s  in the SR[J

refci-encc  frame respectively, x a~ld y arc ])osit,ionsfrorn  l~oresi~;llt location 011 ~;~l} (units clej)e])d on units of

cocflicicrlts- IItll u s e s  ])ixels), T2 z x% -+ Y2, and tllepz2, PY2 ter]lm cotltain  tllc tel[lpcrat(lre  clellcIldeIlcc

according to:

(6)



(7)

w]lcrc  ?: is t,]lc star tcrr)pcrature irl Kc]virls,  arlc[ 7: i s  t,llc olltics  l)arre]  t,errll)erat,llre  rl]casurerr-icllt  ill 0  {;clsi~w.

N o t e  equa(iolls 6 and 7 c.aptur-c  the effects  of  chro~natic distortioll and o],tica] harrc] thcrlllal eflects I)y

st, ret, cliirlg  t,l]c el~cctivc  fc)cal Ierlg(tl.

N o t e  tllcsc cquat,ior)s  arc  forrrlulatcxl for  usc  irl Starl l), t,o mrrcct (tan(a), tall(~j)) givcli  tl]c c.mltroid  ]Jositio~ls.

‘1’llC II’;(J nerds the inverse of this: give]] t,he true Larlgc]lis  as corlll)utcd frolrl  the attitude at~d catalog, }~rcdict

tllc st:ir cerltroicls 0]) tl)c clctcctor plane.  Itat,ller

a fast iterative rnctllod is used. Kquatic)rls  4 and

where:

Lllarl  solve for (x )y) ir) the full l)orllincar equations analytically,

5 arc rewritten as:

g T [A]y + lL (8)

ILecalliug  this is the siroulation,  where tile ‘(truth’) l]ositio~] of tllc star is available, equatio]l 8 is iterated usir]f;

t h e  true tal]gcnts fcm ~:

wl)cre  .7” is tile cvaluatior)  c,f Llle IIig;llcr-orclcr-  terlrls ill cquatic,rls 4 and 5. ‘1’lIc iteratioli starts using (O, O) for

(x.?j)allcl corltir,\lcs  Lrlltil aI>cr-sLcl)  lLSStar)gcI~t (lcltaof< l. Oxl O-srft(lial]s  or;~ll-,axirllLlrI)  itcratioll coll1\tof

10 1001,s is rcac]led. It is fourlc] that, t,hc error  tllres}lold  is rmchcd irl at IIlc,st 5 iteratic)rls at tile field  c)f v i e w

e d g e s ,  arid  t}lat the alg;oritlll]l  does llot c.ollvcrge  to local ~l)irlirlla,  ‘I’l Ic cxcclrtiorl  tirllc is alsc) rrlillirllal: less  tlla~l

0 . 2  lrls to collvergc  on tlie Slcyl{olt.

‘J’llc distortioll roode]  is turned off  sirrl],]y  I,y ski}, ],irlg tl)c  iterat,io~ls,  a useful  caI)al)ility irl dcl~uggirlg,  ‘J’]Ic

]llodcl  as d e l i v e r e d  l)y ()(; arlcl its itlvcrsio]l  ill the III;(J have IJCCII rcjugl)]y  v e r i f i e d  ag;airlst  olmrvatory  test d a t a

~atllcrcd witl~ tlIc  SiLll l;rlgilleeri~lg  hlodcl- sec !%c[ioll  8.5,

Will(low(,d  lica[lc,ut, Sullllllatic,ll Modc:s ‘Jb irlcrcase signal to ~loisc ratio (at the cx],erm c,f a c c u r a c y )

fc)r IIip,ll ratm or  dirr] s t a r  situatiorls, tl]e SltlJ ca~l I,c c.orll]oarldcd to })crfor]n arlalo~ sur[l[nation i]r l]ot}l liuc a]ld

cc~lr.llrlll clircctions before A/l) c.o]~versioll. III adclition, r e a d o u t  o f  u}] to 5 wirldows of arl)itrary gco][letry arid

ovcrlar) earl be s~)cc.  ificd, wittl tl]e restrictio~l that willdowr ljou]~clarics [l-rust, be c.olmistel]t with t}le Surnlr}at,ioll

lrloclcs  or on 4-l)ixcl L)oulldaries, wllic}lcvcr is lr-rorc res t r ic t ive.  ‘J’lIc  ])otcntial ovcrla~]s  cat] result i~l su}>stalltial

geOrrletric  co~ll])lexity  wllicll  St:lrJl) lrllrst I~rollerly  harldte Lc) ex t r ac t  cclktroids  frc)r[l the rcadc)ut Irlcr[lory  irrlage.
‘J’lle 1};[1 iridc])clldelltly rIJodcls  tllesc SILIJ featurm to l)erlllit fu l l  rcgrcssio]l  testitlg of Star]]).
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st:Ir s (rxxiki]l~ {luc: to Ii.c!aclollt, ‘1’lIc SIL(J lIaS tlo ~llutter, a]ld  tllc e]ltirc (.~(~1) i s  cxpcmd to lnaxi~oizc

acc(lrac.y. ‘1’llcrcforc,  stars are exposed dtlrillg  readout, rrsll]tirlg ill streaks. 111 addition, windowing tll~  rcadoul

call  rcslllt i]] ‘(cliscc)llllcctc(l”  s t r e a k s  “IJC]OW1’  cacl)  wi]]dow. ‘1’l]is efkct is caused Ly tile large dis})arity I)ctwccll

t]le  rcdout  ti]l]c f o r  a pixel rcquirirlg  A/l) co]lvcrsiot]  (2(1 /ls/p~xcl) aIId OIIC w,llic]l  C]OrX  I jot (0.6  //,s/piyc/). As

afi il]lagc is slliftcd oi~ tllc (;(;1), ]~ixe.ls arc  sul)jec.t  to UI)CVCII exl)osurc to star Iigllt, cicpcnd  on  wllctilcr l)ixcls

‘(l)cforc”  arc sul~jcct, to A/ l ) ,  resul t ing  ill discolincctcd  s t reaks .  ‘1’lkis is stlowu  ill figure ??, \v],iC],  is a CoTltrive~]

malll}~lc  irl that t]lc  readout, wil]clows  S} IOWII S} IOU]C]  IIevcr  I)c requfxtcd hy St, ar]l), hut ciocs ~r-lake tllc gcorlletry

o f  tllr- cflectl c.lcar.

Starll) i s  des igned to reject I)otll  c.onrlcchxl  and discorlrlccted st,rwaks ill its s~,ot fi~lcfing furlc.tiorls.  ‘Jo v e r i f y  t h e

dcsigll, the 11’111  ]nodc]s  both e f f e c t s . ‘J’lIc gcolilctry of tllc rl)odcl  is collll)licated  in detail but corlcq~tually

straiglltforwarci. ‘Iwo  sirllplifie.atiorls are assurllcd:  lillcs  wi th  IIC, I)ixcls  rccluirirlg  A/l) corlvcrsion  a r c  s h i f t e d

itlstalltatlcous]y (it. no cx])osurc), arid the streaks are fixccl width (4 ])ixcls  across) usirtg  a l-ciitocrlsional

(iallssiar] ]Joillt  s~)rcad furlc.tion  (a = 1  p ixel ) .  Spacecraf t  rates durirlg readout  earl result ill slarlted strcaks-

tllcsc arc takerl into accc)ullt  as WC]]. l’llc s})acccraft rate is assurlled to hc corlsta~lt  during tlic readc,ut. ‘1’his

bccc)llm ulirealistic. for Iargc readout  windows a],]>roacllir]g  t}lc full CCI) (20s r-cadout), l)ut is firlc for windows

ty]~ica] of StarII) o})cratiorl,  aIIcf  resul ts  i~l sigtlificallt  al.gorithlll siln]]lification.

‘1’IIC geolllctric. fidelity of ttlis rrlodel  was verified  by irls})ectioll  agairlst real-sky images c.ollcctcd  usillg

I)rea(ii)oard aTId l;l~girlmril)g  hlodcl versions of the SILIJ.

l’ixc] llloolllillg, Anti-Illoomixlg Modc C;C;I) pixels wllic.11  rec.eivc  rnor-c exj]osure thau full well call

l)loolll. ‘1’llis saturation] at the to]) of the device’s dy~ialilic  range car] sigllificarltly  afkt Star]]) cmltroici

a c c u r a c y ,  a~ld t]lus Inust be roocielcd  ii) the II(;[l.  “1’IIc IrIodcl  al~;orithr[l  is siitl])lc cTIough to run fast, while

acllicwillg  a realistic ccxltroici cie.graciatiorl,  wllic.il is its I)ur])ose:

●

●

●

●

●

‘1’hc a.ssurol,tion is lrladc that ovcrflowil,g c}largc  aflects l)ixcls  alorlg  tlIc  rcaciout ciircc.tion  orlly  ( ’ ( r o w s ” ) ,

rcciucillg  tllc II]odcl  to O]IC ciirllerlsion.  ‘J’]lis is ccjrlsistellt  with the SILU C;cJ)’s sul~-pixel  s t r u c t u r e .

‘1’hc 1’S1” I]lodel  builcis  a list of all over-cxj,oscci ],ixcls as it getlcrates spots. “J’he full weil value is a

])ararllcter cstal)lisheci throug;h  SRU  testi])g. ‘1’IIc “extra charge “ is  storeci  tmll])orarily i~l cacll  sirnulatccl

c~ver-cxl)oscci pixel.

‘1’l~e i~loorl~ rllocici is ru~] i~~lltlcdiatcly  af~m ttle 1’S1”  ]tlocicl,  b u t  b e f o r e  the additior] of nc)isc. ‘J’his

sir flJ)lifies tile ])rc]ccss of flnciing  sJ)ot  i~oundarics.

h’or eacl) }~ixcl irl the cwcr-cxl)osurc list, tile s},ot  i,c,ull(iaries alollg the rcaciout,  d i rec t ion arc  cictcrlllirlccl,

al)(i a 1-IJ ccr]troici  is ])erforrncd. ‘J’hc c.ilargc  al)ove  t}le full well lilllit is surllr[lcci  for all the ])ixcis  bctweet)

tllc l)oundaries, arici each pixel is rclllovcci  frolli tllc over-cx~,osurc list to eli][-rillate  rcciurl(iarlt  processirlg,

‘J’}lis suto rc])rescnts f,hc t o t a l  “extra cllargc” to be (iistril,ute(i.

‘J’]]e. “extra cilarge”  is ciivicied  in half a[l{i s]~read  cvc]lly  u}, and cic)wrl frofo  tllc c.cvltrc,id p i x e l .  l;acl] p i x e l ’ s

v a l u e  i s  incrcaseci  up  to f u l l  w e l l  urlti] t,]le e x t r a  c]lar~;c is ciep]ctc(i, ‘J’his rcsuits ill t]le cl[arac,tcristic

l)lool]lccl-sj)ot  a])]~eararlce.

Nc]tc this rllocicl conserves the total charge resulting frotn tllc cx~)osurc,  wliich  a~)prc)xir,nates  ])llysic.al

reality. ‘1’lIc results arc fairly realistic- see figure ??



. ‘ [ ’ h e  SltlJ has al) ant,i-hlool[li[lg  InOCIC,  ‘1’]le cflcctivc)less of t]lis dcsigll is estahlisllcd thrc,ugll testing.’!  ‘1’lIc

1} ’;11’s itltcll( in ]I)odclillg t,llis is olI]y to cat,c]I flight softlvarc I)ugsl usillg  as silrl]Jlc  aII algorithrll as l)ossilllc.

o v e r - c x l ~ o s e d  pixc]s  arc re~)laccd  hy ],ixr]s at full  well, rmse~ltially  IIlodclirlg  ],crfcct :lllti-l)lc)c,lllillg.

A  /1) Co;iversio]l, C;aill ‘1’l)c SfLLJ  IIas 2 gain ICVCIS:  3(J lW- /dTI ill low gail), a]ld  10 pc-/dn  i~l high gain.

‘1’llc (~(; l)’s  full well level is a] Jproxill]atcly 1000OO ~,f- , a[ld  t,t]e A/l) co~lvcrtcr  is 12 bit ( 0 - 4 0 9 5  dn). ‘1’hcrcfore,

at l)iglt gait],  A/1)  sa tura t ion  i s  reached before full well.  III addition,  tllc~ l)C offset 011 the A/1)  collvm-sion  is

se]ectal)le,  discrctized  to &l>its.  ‘1’]Ic of fse t  i s  analog;  t]lereforc, t,]lc lllal)]~ilig  to dn’s is a futlction of l~otll gain

aTId surlllllatio]l  ][lodc  settings, “1’lICSC  eflcc. ts arc prol]crly accounted for ill the llI~LJ.

Vmial )lc! Stars l“ai]urc  tc) account for varial~lc  stars have caused troubles witt~ star idclltificatiou algorith~ns

irl })rcvious  rllissiolls. Whi]c the ~assini StarII) a])])roacll  dc])clIds  o~lly ])m-iphcn-ally  on rnagr[itude illforrnatiorl

al)cl is tlllcrcfore  less itnmunc tc] this cflcct, the illllnurlity still II C.CCIS to I)e vcrifl  cd.  Since tlie hright~lcss is

cssclltially co]lstant for tilllc-sc.ales which l]lattcr for idmltificatioll, t,llc III; (J silll])ly  })mnits  i~ldividua]  stars’

lllagllitudcs tc) be varicc{ via silnulation cotlsolc  colltro}.  ‘J’his avoids  LIIC  IIccdless  cor[lplicatioll  of tying t}lese test

scenarios to ally  c.clcstial  rcfcrellce time.

l{adiatitn} Eilccts ‘1’llrce rac]iation  effects whic}l call  sigtlificalltly affcc.t Star] 1) accuracy arc lIIodclcd

s(,raightfc)rward]y ill the IflJ. l’rotcm ir]~})acts arc Irlodclcd  as tra]micllt  f lashes  c]f c.c]~wtant brightness (3000  dn).

Ovcr the course of the lc)ng ~nission,  ~)ixcls ltlay dcvclo])  cxccssivc dark curmlt rate ( “hot”) or bccoInc

illsctlsitivc tc) l ight  ( ’ (dead”) .  l)ead pixels arc lllodcled usil)g  a collsta~lt  dn. l“or sirl)p]icity, not ]Jixels  are

]nodclccl  M IIavi]lg  a user spccificcf  flux rate, effcc.tivcly  irlc.rcasirig  the ~Ilcall of the dark current, nc)isc moclcl  for

that ~)ixcl wllilc  leaving the variance urlchangcx].  ‘J’lIc user call construct film  sl)m.ifyillg  }]ot  arlcl  clcac]  p ixe ls ,

at]cl ul)datc tllcrll  t,hrougll  tllc silrlulatiorl console .  IN additio!l, the user can sIJecify  eittler ra]lclolrl  o r

dctcrl[lirlistic IIloving  patterns of l)roto~l  hits, ‘1’IIc c]lll]llasis is 0]) re~)catlal)ility,  to aid testing.

II;xtc:]lcltxl  IIodics Sil]ce [;assir,i will bc o],cratirl~;  in tlic vicil,ity of Saturl, allcl its I, Jool,s,  tllc ])cmsil]ility  o f

star occu]tatioll exists. Irl adclitiorl, an cxtcndcxl  body call  cc)nfusc  Star] I)’s  spot filldillg fu[lctio~ls.  ‘1’0 supl)ort

real- t i l l ie  ol)cratic)r],  the lJ’; LJ i]lcc)r~)orates  m] cxt,clided  body  IIIC)CICI  wliic.11  captures  oIIly  tltc gross  eflccts

irlnl]orta]lt to StarII). A body  corlsists of a sl~llcre  wit,]] 2 constant regious of L]rig; lltness se}~arated  l)y a

tcrtili])ator. LJ]) to 16 bodies r[lay  be ~node]ed  sirnultallcous]y, inc lud ing  the Sut) as tllc sole  illulni]latio~l s o u r c e .

‘1’1)[ bodies’ l)ositions  arc sl)mifiecl  extertlally attd ~llay lle arl>itrary or collsistcl\t with J }’1, .gellerated e~)}le[neris
“?’? ~]l~~;,s a~l a,r[~itrary  arrallgerlle[lt C)f 2  e x t e n d e d  l)c)dics in front ofClatl:i files  for various ]]lissic)Il phasm. I“igui-e . . .

t<llc C)rioll c.onstellatioti.

‘J’hc sirllulation does riot render the cxtcndccl Lodics tllrougll the sall~e l~igll fidelity o~~tics Il)odel  used for poi]lt

s o u r c e s .  JII addition, sl)ac.ecraft,  ~l]otic)]l sltlearitlg of t,}lc cxteIlded ])odies is igrlorccl. A  siill])lc al,goritl)r  Il i s  u s e d

to c.a~lture  tile gross  e.JTcc.ts o f  readout  s~nearing-  csscntia]ly l)la~lketing  t}le I)ixcls  below  tile l)ody.  ‘1’hesc

C. Orl CCssio)ls J>erllli~ IIICCtiIlg  IY2a]-~iIIIC  iY2ClUir(!IllClltS.

ot]lc.r SItLJ Mot]c>,s “‘1’hc SILIJ has a collllIlan&al~lc  lVJulti-I’illllcxl  }’base (NII’}’) IIlodc,  which is a tecllrliqlie

t,o sul~]jress  dark current. ? ‘J’llc SRI] illl])lcl[lerlt:~tioll  affcc.ts  the full  well level orIly rnirli]nal]y.  ‘l’hcreforc, tllc



‘1’11(> l,c~sitivc vol tage  used  to effcxt  })ixcl sllift,ilig  for  rcaciout is adjustal>lcl to mlll]]cllsate fc)r antic i[)atcd eff’ects

of lcrl~g t,ertll radiation cx])osure,:’ ‘1’hc eff’cct of incc,rrcctly sctt,i]lg  Lllis colitrol is to great ly  decrease tllc full  w e l l

level.  Sil]cc  t,lle pur~,ose  of IJlodc]ing t]lis cflect is [o ca(,c]t f]igllt  s o f t w a r e  b~lgs, t,llc lIjf_J sitn}]]y  reduces tile full

we]] lcvc] itl t,]lc Ij]oor)ling  IOOCIC]  by ~()(~~ W]ICII the CCIIIIIIIaIICICCl  Va]UC diflcj-s  l)y ]Ilor-c  t,]la])  5 d7t’s  frol[l  t,])e

c o r r e c t  oric, rcsulti]lg ill an ol~vious  cfrcct. A warllillg  is ])rilltcd as wc]l.

]’iPllrc ?:? S]l OWS t]lc Sli(J IIIOCIC  trarmitiori  diagra[[l. III llor~oai  olmatioli, Starl IJ uscsS1{,(J St, ntc Macl)illc: ,

only  S’J’AN1)l IY a]ld  IN’I’fI;(J liA’J’ION  &, lifI; AI) O~J1’ TIIc~dcs,  C;l,lIjAlt  is aTJ illitializatior)  jIIOdC  which  exits
.

a\ 1[, oIIoIILous]y,  and ll’I, LJSI1/rl’l;  Sri’ ]ilodes arc c.ollvcllietlt  for lah t,estillg.n’lf ‘J’he 11;(J models  the fall state

I!lac.lli]le ill order to tra]) flight software bugs (coro Illancli Ilg ir)to ‘1’1;S’1’ ]]lodc,  for cxa]]ll)lc). IIowever, SlllJ

out})ut,s  f o r  tile ll’l, IJSII  and ‘1’1;S’1’ rnodcs arc not IIICJCICIMI.

llltr!rfacx IIc:]lavior Gssini c.arrics  2 Sli[J’s aucl 2 Jlig}lt co~l)])uters  f o r  rcdurldarlc.y.  l;acll SI~lJ IIas 2 d a t a

i!itcrfac.es  to mch ili.gilt colrlputcr-:  the AA[;S I]us, a rrlodificd  15,53 I)us wllicll  l)rovidcs co~ol[lallcl  p a c k e t s ,  ZLILCI

the }’ixcl  1)11s, a  c.ustoln  scria] intmrfac.c providillg  the readout.;? IIottl itltcrfaces arc c.ross-stra])ped. AAOS  bus

])ackct,s  ])rc)vidc v;L]llCS for 33 &bit regis ters  w}lic]~  forlll tllc co]ll]liand a~ld status irltcrfacc for the Sltl.J.  ‘Jo test

t]lc  validity oflligllt software, the lI;IJ software folly decodes the AA(;S bus ])aclicts and Irlairltail,s all internally

collsistm)t set of SltU register values. C;ross-strzi])] Jirlg l,cllavior of the illtcrfaccs, sigllificallt  oIIly i]) the lrJ’J, test

Cllvirorilrlcllt  (figure 2), is silnulated to a lirllitcd extcnlt. l)ictatccl l~y tllc larger l’J’ll architecture atld tile des i re

to ~rlillirllize  cost, a single copy of the. II;U software rullllil)g o]) c)~le S!iyllolt sittiu]ates hot]]  SJi[J’s, t ak ing;

advantage of tllc fact that they arc ~lot used  siT[lliltarlec]llsly. ‘1’wo custo]n III;(J illtmrfacc  cards receive silnulatcd

])ixcls  frolll the OIIe Sky]lO]t, distillguisllc(]  by c]iflcrcllt  VSII  a d d r e s s e s  a]ld  proviclil~g  tllc crc,ss stra]> to tl]c rest

of  tile systeln. AAG3  bus l)ackcts for both SILU’S  arc i~ltcrcc])tcd  Mid smlt  to tl)c llI)[J.

8 . 4  lJII,LJ  lkwtums  lJsc:ful for-  SL.WII)  ])c!])uggi]lgAs  tile II;(J is t])c ~,rilnary tcstbcd f o r  t h e  deve]o~)lllent

arid  verification of Star]]), its usability as a dcl)uggirlg tool is as ilill)ortarlt as its fLdelity as a Inodcl. ‘1’llc

featlorcs  clcsc.ril~ecl in this sectic~ll IIavc  I,rovml  useful  ill the course  of  the ~assilli ])roject, arlcl sl~ould ZIJJI)]y to

silllilar future efforts.

SC~nlc  1 )is])lays. Modificcl SAol  IIIagc! IIy far tllc lllost l)seful  11’; U feature is the illc.orj)oratioli of a scm]e

disl]lay ill all its irlcarllations. “J’l]c clisl~lay is ilo],lcl[w;ltcxl  SUCII  that real-tillic c,peratic)rl  is larg;ely

~lllcc)llll~rolILisccl  wlierc needed, in every vcrsio)l, tl~c o]~t,io~l to dis])]ay  to a I[lodificd  versioll  of SAollIlage exists,

11] Lllc 1’1’1,  version, t,hc opm-atc,r  IIlay  choose do disl)lay tc) a Vhfl; lllelllory  IIIalJIJed display card or to

SAollnagc,

SAollnage was selected as t}le clisplay  tool for several rcasc,lls: it’s freely available with source cocle, in wide usc

ill tllc astrollc~lliical  co[rltrlullityj has  a  reasonably  good user irltcrfacc tc] its feature set (zoolt), l)aII1 cc]lor-rnal)

lllatli]~lllatic)ll,  etc.), at]d  is hy c)ur acl-hclc  tcstirlg olir of tllc f a s t e s t  }mcudo-co]or  clis~)lay prc)gralils freely

available for the Urlix/X  cllvirol]rnellt.

‘J’hc various 1/() o])tiolls for the basic SAOllllagc (WC used  vcrsioli 1.071~,2)-  file, “1’{11’/11’ socket, l}tAI”  lI1ltool-



. were  foullcf to IJ[’ lc)o slow  for o u r  s}~m-ific  l~ur})osc. ‘1’]i(~rcfor( ,  S,\oltt Iage ww rllo~lifiecl  t o  usc a  ll~lix sigrlal atlc]

s]larecl Illerllory it)tcrfacc  wit]) tl)c ll~;~l. After gcllerat,itlg,  {lie SC CI]C, tl}e III; IJ srllds a signal (Unix Sl(; USltl) t o

tl)c  IIlo(lifie(l  SI\OIr IIagc, w h i c h  c o p i e s  and disljlays  l]IC scetle, l[~ade accessil)]c  via sllarcxl  ]l~ell~ory, III the Solaris

2.5 version of tile II}(J, roclllory locking is utilized tc) l,rcvc~lt  (I)c snared I(lctllory  sc,g~IwIILs fro]l} I,eillg  swal)pcd.

‘1’lIe ll;l J/clis}Jlay llandsl)akc is SUCII  that tile d isp lay  never ho lds  ul~ ilic III~LI, AIL additiolla] feature  found

illdispmlsahle ill tllc Star II) unit dcvclop~llellt  ])ll,a~c is tile drawing of readout, wil Ldows  Ilordcrs atld crosses OII

tllc dis]~lay rel)rcscritiT]g  a  s tar’s  t rue positiol], St,ar]l)’s rl]easurcd ccl)troid,  and the IJredictecl  IJositioIL of tllc

cel)troid using Attiludc l;stilllator data. Ma]ly  bugs and dcsigll  f laws were  found  by o b s e r v i n g  the l)attcrtls

w h i c h  tllcse quallt,  itics ~oadc,  wit])  close-up olmrvatiolls I)eitlp; ])ossil~lc usirlg  SAOilrlagc’s ZOC)]I] feature. ‘I’l Ic

window borders are included in tile shared mcn[}ory interface, while cross coordiliates are passed to the display

frolll tllc individual sources via datagraln sc]ckcts  (which arc availallle for tile (;/(Jllix unit test vcrsicj~w of flight

algorit]lllls). 1,00sc syllchrorlization irl tirllc was  four)d to be suflic.im]t.

I“igure ‘!~~ SIIOWS a sa[[iplc of tl~e. II; LJ SAOI1iiage  dis])lay

III tllc 1’1’1,  cIlvirollr[lcrlt, w h e r e  the IF; (J rur)s  0]1 tllc Skyllolt  s ingle  I)oard  collll~uter, the scc[~c diss)lay  illtcrfacc.

is  rllore collll)]ic.atccl.  ‘J’hc Sky  Jlolt has no  or~-c.ard ]Lcf,work  illtcrfaccs, relying c]lt, ire]y  orl I)IMA t r a n s f e r s  oti the

VIvJ ]; I)us. ]’or a basic “quick  arid  dirty” display, a l)h4A  dull)])  to a Vkfl; video card is available via silrlulatiorL

coIIso]c  co]nrn:illd. III aclclitior),  tl~c IF}(J tail also l)MA its readout to a relay j]roF;ratll  rullllillg  on tllc host sirl~lc

bc)ard  cc)~nl)utrr  wliicli  h a s  an lthcrllct illtcrfac.c. ‘1’lIc r e l a y  ])asses  tl)c  ])ixels  to SAOlnlagc runnirl~;  OH a

wc~rlistation  via a socket i~)terfac.c.  IIcc.ause  of tile cc)~l)]~arativcly  slow l;tllcrnet Ii Ilk, t})is display ol)tioll is c)tlly

}>ractical  for slnal] readout windows (sII-Iall l)ixc]  courlt,)  c.]laracteriz,  illg s(,ar tracking situations. ‘J’lIc  user

illtlerfacc adval}tagcs arc sig,llificaut, however.

It is i r o n i c  that the lrJ’l,-SAOIrIlage disl)lay arrallgel[)erlt l(as  fou~ld cotlside.rablc usc  in actual SltlJ testing a t

JI’J,’s ‘J’al)le h40ulltai11 observa tory ,  wllcrc tile SIi(J is controlled by the salne ty~,c of VMB; single l~c)arcl

corn]lutcrs, })mnitti]lg  live-sky disl)lays of the ]Jrototyl)c Star]]) ill actiort witl L all[lc)st  nc) software ~llocliflcation.

‘J’IIc  l i v e  s k y  tests cIoulatc tl)c silllulatioIl WCII.

Sitllulat,iol) ~;olltlwl A  key to successful clel.)uggi)]g is tllc al)ility tc, turn of f illl]~crfectiolls  to gain

CO] IfideIICC ill t]le test algc~rit]~ll] illc.rclllcl]tally. l,;vcry  effect ill the J] I;lJ - 1’S1’, opt, ica] c]istortiollj n o i s e ,  r e a d o u t

s t r e a k i n g ,  l~loonlillg-  caT] be acljustccl  to a~)~>roac.h  all ideal t racker  sirllulatiotl. }tverl tllc cflcct of I,ixcllation can

I)e relllovcd by rerlloving S t a r ]  1) altogctllcr frorll the  lc]o~) arid  ]>assillg  truth II)easurelne]lts  directly to the flight

sof tware ,  disp; aiscd as an i]nagc rcadc~ut. I)lll)llc(l  tllc “s~)c)of  I1lclc\c,” t}iis c,])tioil prc,ved  useful for  At t i tude

]’ktirnator dehuggillg.

A  user consc)lc  wit]] scriptirlg ability for sirllulatioll cc])ltrol  lJrc,vccl to be a ~lcccssity. ‘J’IIc Il;lJ su])]~c)rts a siln])lc

st,ri~~g I>ascd ccll[l~rlalldirlg  SC,IICIIIC. lc)r a l l  lJ1)ix irlcarll:itio~ls tllcsc were  CIJjl Icddcd  irltc) tile “J’(; l,/rJ’k  frarncwork.

‘1’lie 1’1’1, su]~}~orts its ow]l c o n s o l e  to ])ass  ill tllc sal[lc mfJ~rIIaIIds.

l)c:l)ug  l’rilltmlts ‘1’lIC pri[lt,  statclllc]lt is tllc II)c,st l)rirllitivc of del)up;gif~g aids. llowc.ve.r, in the lixnitilig

crlvirolllllellt c~f tllc real- t i [nc tcstbcds atlcl tllc Jligllt colllputcr, I)rintouts f rom the III; (J proviclcs  invalual)]e

visil)ility  il)to the fli.gilt software. “J’lIc user call  select from tllc si~llulatiorl  corlsolc  prirltouts of all iTn~~orta[lt

quarlt, ities avai lable :  StarII) c.o]r]~natlds,  sill]ulated SIL,IJ re~ister values, trut]l attitude and I)rol)agatic)rl  clata, all

1/() a c t i v i t y  f o r  llarclwarc-imttle-loop clebug$;i Ilg, lIIcIclcl exccutic)rt tiIlic estiIrlatcs, all(l catalc~g clata orl s t a r s  irl
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tllc fic’1[1  of view.

Intcgratccl  l’:wamctcr  Files Mal]agctIIcIIt  o f  lltU l,aralllet,ers to cilkct Iest,iIlg  sccaarios is tmlious and

l)rotlc  to error. A facility to group all I)ara][lcters irlto  a si]lgle file wllic]) call I)c gi~e]l all ilituitivc IIarllc  has

]Jroven  useful.

8 . 5  lICU  Mo(1cI Vc!rification’1’hc n]ajority o f  the ll~u’s colill)lcxit,y  is ia cxtcrllal i~lterfaces  alld IiIodcls o f

SILU ful]ctio]lality, ‘1’hcse are verified by ins],  cctic]ll a]ld  ]Ilaay s~nalt  tests ia tlIc  course c,f software developrllent,

and wit] not be discussed further. lmsteacfj  the focus ill tl]is scctior)  is oa c~ld-to-cl)d  vm-ificatioas  of tile 11’; (1’s

a c c u r a c y ,  w]lic]l iavo]ve bo th  staad-alolic tests alld tests run \vitll Star II), usi])g data cc)llectcxl  with tl)e SltlJ

l’;l)gi)lccrillg h40dc]. ‘1’]ime tests ]Jrovidc  the co]lfidc]lcc  ncccssary for tl)e  I1+;(J’s to I,e used i], in tegrated flight

soft, ware test, illg.

l’olarity A basic  but il[lportaat verification is t}iat c,f l)olarity. It was delllotlstrated that wlle~l Starll)’s

idclltiflecf  attitude usil)g  a  real -sky iraagc is giverl  as input to t}lc ]1;[1, t,hc resultillg si~llulated irrlage  r!latches

tllc rea l -sky image.  III additio]l, t,lle ilnagcs were  verified hy illsj,c,c.tiorl  of the sky  to conforlll to the SILIJ

Il]cc.lla]lical i~lt,erfacc  s])ecific.atrions.  ‘1’llis ver i f ies  tile c}lain of trarlsfor[l latiolls illvc)lvecl.

SI)OL and St. rcak Cclltcrillg ‘J’hc ~nally stelm illvolved in gc[lerat,irig,  a star’s ilnagc are ~,ronc to

il)troduc.tioli  of error, both in the off-l i[lc 1’.S1” Inodcl gcnleratio~l  allcl LIIC  c~ll-lillc cc)rl Jputatior)s.  Sirlcc  tile “ t r u e ”

star ctxlters arc ktiowl  I to the silnulation, atl silnplc verificatioli is to colrl]>ute  ccl~troids  frolll the sill] ulatcxl  i m a g e

and c.o]n])arc.  Fig Llre ~~~~ S]IOWS a ty])ica] resll]t, for  a ]]artic.u]ar fic]d of view with a wide rangy of star l)ri~;llt~lc:w.

‘1’o isolate error c.c~ntributions, all eflcc.ts  (Iloisc, readout streak, etc..) are t,urtlcd off’ exc.e})t for streakill~ duc to

sIJacccraft Inot, ion. ‘J’hc resulting a c c u r a c y  should  t]lcrcforc cxccwd cxl)cc.ted  SItU  ])crforlnallcc, and t h e y  d o .

‘1’IIc ra.tc’-exl)osure  ~~roclucl-  (strcali length) ill f igure ?? is a]~])rc!xill)atcly  1(I ~)ixcls (0.1 <2 °/s for 1 sec.. ex])cmLlre,

zcrc) co)o])o]lc~]t  about horcsig;llt). It is observed that, givcll  tl]is artificial case of Ilo background rloisc  to

d e g r a d e  tllc sigllal to noise ratic), the fairly lo]]g 10 I)ixel streak illll~roves  cerltroid accuracy to tile l/100tll ]~ixel

Icvel,  aa ex]~cctcd  result, wllicll  further indicates the streak-readcrirlg part of tflc ll; LJ works prol)crly.

1’S1” Mo(1cI  A c c u r a c y  (fill r[le in!)

1 )istortioll  Model Accuracy ‘1’lle accuracy of t,llc  distortic,ll lItodel is verified at two levels: stall cl-alollc

verification of tllc inversion algorithln  ilrll~lc~[lerltatic]ll  dcsc. ril]cd  OTI ]Jage 17, and vcrificat,ioll  of tile

O(;-delivercxl  coeflicictlts tlle~nsclvcs  in conjurlctioa wi th  Sttlr]  l), usir)g  rea l -s f i y  ilnagcs cc,llcctecl  with tllc Sli,U

l;llp;il]ecrillg Moclcl. ‘1’lic  sta~ld-alone veriflcatio~l irlvolves  sit[)])ly  cc)lr]])arijlg; truth’ star tangents (knowrl  to the

11’JLJ)  with results of indepcmdclltly  applying cx]uatio~ls  4 arid  5 to tllc l)c,st-clistortioll-~  llo(lel  star c.elltcrs.

l“igurc ?? sl)ows  tllc resulting tangmt difTcrellces  arc C)II tile order of tllc ~llodel’s  irlvcrsic)a  tolerance (1 .OXIO - “

r-adialls,  or 1/25000 pixel),  shc]wil]g  that the lr]odcl  irtll)lclllcllt,zitic)tl  itself cc)l~tribut,es  aegligil)le error. ‘1’hc

r e a l - s k y  vcrificatic]n COIII1)ENCS  t,]ic raw centroids acquired I)y Star]I) wit~l tile lF; lJ-])redicted ]ocatioIls of t]losc

sl)ot,s,  wit]l t,]lc llI; U usi[lg  as input the attitude e.stilllatc calculated l~y !jt, arl 1 ). l’igure ?? sliows  t}le results using

onc fralllc acquired 011 9 /27 /1995 .  ‘1’lle ty])ically acliievcd accuracy fro~rl ttlat olmervatio~l  run is a])out 0.5 pixel.
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. ‘1’llis  is (Ilc cx])cctcd a c c u r a c y  level for  (411C co]jditiom c)f (lIQ  ]]articular test: tl]rough :iir,  1]0 oIjtical-harrcl

lc]il])cratllrc c o r r e c t i o n ,  and Starll) usilig t,l)c rccjllcccl-accllr:lcy (ar][l  f<~s[cr)  ce]ltroicl  a]:,orit,})l]ls  })resc.]lt  i]] t,]lc

Attitude Itlitialimtion n}odc,

Ma~Ilitudt: A cm],acy I{ecall that t,l]c Ii,; I.J’s catalog s t o r e s  i]lst,rull~c])t, ]Iiagllitrlde.  “1’]lcrcforc, t]lcrc arc two

parts of “lnagllitude accuracy” for the silnulat,ioll:

● l]ropcrly lllap~]ing  Lllc stars’ visual ~nagnitudc  to illst,rurllc~lt  rna,g~litude  for the SR[T.

●  l’roperly gcl~cratil~g  a sl)ot with the cxl)ccted ])N  v a l u e s .

I’relilnitlary analysis for tllc first part using lab and real-sky data IIas IJCCII I)erforloed.~r l’lalls call for revisiting

‘1’able Nfoulltairl  observatory to gatllcr additional data using tllc S1{J.J  l;ngirlccrillg  Mode.] tc) finalize t][is

atlalysis, wllicll  is ]Iecdcd  for  bo th  fligtlt atlci sit(!ulatio:l catalo?; gelleratioll. ‘1’IIc scc.c>lld ]Jart is

sitl)l]]?ltiorl  -s~]eciflc,, and is  verified ill c,ool)cratioll  wit))  Star]]). Star]]) irlde]~erldclitly  m.tiltlates  the itlstrurnc)lt,

llia~;l}itudc  of a t,rackrd star given gain, cxlJosurc tirnc, etc. It is observed that Star]] )’s Inaguitucle.  cstirllatcs

corlsistcntly ~natc.]1 the lII; lJ’s  catalog inputs, ilol~lyit)g  that tl~c II;(J’s intc.rtllediatx  c~lain of calculations arc

c o r r e c t  ‘1’IIC less  likely  scerlario tha t  they  are I)otli  illdc])er]dclltly and sy]llrrletrically wrong  is rulccl out hy

ills~~cction.

9 ACl{NOM~J,l~;l-)  <:hfl I’;NglS

‘J’IIc rcscarcll desc.ril~cd in this i~ape.r w a s  c a r r i e d  out I,y tl[c Jet l’ro})ulsioli  l,a])oratory, ~;aliforrlia lrlstitute o f

‘J’cclIIicIlogy, ulldc.r  a col~trac.t  w i t h  the Natiorla] Acrorlautics arid  S])ac.c Adl[lillistration,
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l’igurc  7: (X)M l’-gcr)eratcd monochron)atic  responses :LS functions of wavclmgth  and radial position on detector
plane. ‘J’hese forvn the basis for the IllU’s 1’SF lnodel.
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l’iigurc  8: Sample l) SF’S, created frOI1l weighted monochromatic responses and rotated/interpolated to represent
positions on tllc cletector plane.



Figure 9: Example showing III;U’s  model of star streaking due to spacecraft motion. q’hc spacecraft rate vector is
purely along the SRU borsight  (in this caxe 10/s for a 1 sec. exposure). For clarity, both readout streaking and
readout lloisc models arc turned off.

Figure  10: ‘1’wo examples of the III;U’s model of readout streakiug,  showing “connectecl’ and ‘[cl isconnec tccl”
streaks. Streaking occurs because the CCIJ is exposed during fra~ne readout (the SRU has no shutter). lJis-
conl~cctcd  streaks result from readout window geometry and the fact that pixels requiring A/l) conversion are
processed much slower than those  which don’t. “J’he  conrlectcd streak  example also shows that spacecraft motio~l
is taken  into accout[t,  in this CMC a 0.050/s transverse motion. Note the apparent “highlighting” of the readout
wiuc]ows  is a result  of noise being computed only for willclow cotltcnts.



— .-k . . . .a Pixel Blooming Simulation*a*
- Plxals  bloommg upon raachlng  fulMv911  Ilmlts the dynamic range of tha
alar tracker and therefore affecto sfar  tiaddng  perfofrnanca.  IEU

$+? simulates blcomhg  when SRU anti.blom  mode is off

- lab  daif!  shown  at MI Wen uc!ing pfototwcI  SRU CCD.

‘.+11  I,,l:,,lpf,p+q, , - Seperdn ieaw since M raedouf  window  ia near *laf of dataclof,
the Mght etare  In the W do nof ehcw  reac&uf  sireaks, M n@e tie
prasbnaa  of stinks dua to biight  slam “above” the rbadout  windou.

Figure 11: A comparison of the IEU pixel blooming model with lab test data. Although this picture can only
show a gross rescmblence,  the fidelity of the model at the pixel level has been verified.

Extended Body Simulation
sk-ta Caaw WII beoperatirq  in Ulavkinii
dsa!umandlbomma,  thepo~fyd
btied s!am M@ cautkd ty an ei.lended
bodyexkk,  The IEU trn)delca@ur@  @’ h
gaaa eflsta  h!fwtanl  to Star.tldhg:

-A~cmeJ5ta  ola8@3rawiG72
c#afan1b4ghkws  @cneaepamtedbya
lMnWcM,
.TtM body may elm pcsewe a @), rncxwd
88a Pal ?mhef  ‘dlh cwaiant  br@hlnasi
-&W are kept Ireck of

meeblutalhcbeanot

-taeu)eaarne  hNr@idnKdelea  stm6cl
.trtXkxkw#eexlem?d  tody
. Mtj aimuklte reacaut $nearhg  01 P@ ~
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Figure 12: IItU extended body simulation example.
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Figure 13: “J’he SRU’S state transition diagram. Norlnal  oIJeratioll irlvolvcs only S’1’ANIIBY  and IN’1’II;GRA’1’1ON
&, lL1;AIJOU”l’  ~]lc)des.  ‘J’})c state rnachinc  logic is iln~)lc~nentcd i~[ tile ll;U, alt.hougll  the fuuctiollality  of the
l’l, USI1 ancl ‘JTX’J’  Inodes are not.

Figure 14: Sa]llplc screen-shot of the IEU’S  SAOItnage  display, showing Star]]) tracking near Polaris. All zoom and
pan features are available duti~lg a sirnulatio]l,  allowillg detailed observation. Again the apparent “highlighting”
of the readout windows is a result of noise bcirlg computed only for window contents, while the window horders
arc added s])ecifically  for the display.
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]+’igure  15: Analysis to verify that no significant position hiss is introduced in the I}+;U’s l’SP
)[)ocIcIs. ‘1’hc errors are with respect to ideal star centers which arc known to the si~nulation,
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Figure 16: q’he  leftmost figure shows verification of t}le III;U distortion inverse-model’s accuracy. ‘1’hc rnicldle and
right  figures show the rnagnitucle  ancl vector differences betwee~l  the lNU’S predicted spot locations ancl StarII1’s
raw ccntroids.  “1’hc estimated attitude is RA= 300.0765° , l)CCZ 10.01480 , ‘1’wist=.90.6340


